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ABSTRACT 
Nematode-protectant seed treatments for controlling the soybean cyst nematode, 
Heterodera glycines, have been introduced for integration into existing nematode 
management plans. Several seed treatments labeled for H. glycines control are currently 
available, with more expected in the near future. This dissertation describes i) tools to study 
nematode chemotaxis to chemicals and roots and ii) assessment of two commercial seed 
treatments, ILeVO (active ingredient: fluopyram) and VOTiVO (active ingredient: Bacillus 
firmus I-1582), on important H. glycines life processes.  
The first objective was to develop and test two novel microfluidic chips to study 
chemotaxis of plant-parasitic nematodes to chemicals (“basic chip”) and roots (“root chip”). 
Proof-of-concept experiments were conducted with both chips. Several ionic solutions were 
tested with the basic chip on second-stage juveniles (J2s) of H. glycines and the root-knot 
nematode, Meloidogyne incognita. There was a differential response of the two nematode 
species to a number of the ionic solutions. Custom software was written to assist in tracking 
nematodes in the root chip using a flatbed scanner. The attraction of H. glycines J2s to 3-day-
old soybean seedlings (cv. Williams 82) was successfully captured using the root chips over 
an 18-hour period. 
The second objective was to assess the effects of ILeVO and VOTiVO seed 
treatments on several H. glycines life processes. In greenhouse experiments, ILeVO 
consistently reduced H. glycines reproduction on soybean roots. Seed exudates from ILeVO-
treated seeds inhibited hatching and motility of H. glycines J2s, relative to the untreated 
control. Conversely, radicle exudates from seedlings grown from ILeVO-treated seeds 
reduced H. glycines hatching modestly in only one experimental run did not affect motility of 
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J2s. In a growth chamber experiment, ILeVO significantly reduced H. glycines root 
penetration compared to untreated plants at two nematode inoculation levels. In another root 
penetration experiment, soybeans grown from treated or untreated seeds were inoculated with 
H. glycines J2s at soil depths of 2.5, 5, or 7.5 cm. ILeVO reduced nematode root penetration 
only at the 2.5-cm inoculation depth. Nematode behavioral changes in response to exudates 
from treated and untreated seeds then were assessed using custom software. ILeVO seed 
exudates significantly reduced speed of H. glycines J2s after two hours of exposure. A 
flatbed scanner then was used to study the movement of H. glycines populations exposed to 
seed treatments. Treated and untreated seeds were incubated in well plates for one hour 
before removal with clean forceps and insertion of H. glycines J2s. The percentage of the H. 
glycines populations that moved over a critical threshold distance (300 μm) in the wells were 
evaluated every hour for 24 hours using another custom software program. ILeVO 
significantly reduced population movement relative to the untreated control. And H. glycines 
J2s in wells that had a seed, treated or not, had significantly less movement compared with 
the blank control. Overall, the results suggest that ILeVO affects multiple life processes of H. 
glycines. VOTiVO did not consistently affect any of the variables measured in the 
experiments.  
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 
Dissertation Organization 
This dissertation describes microfluidic devices developed to study plant-parasitic nematode 
chemotaxis and presents research on the effects of two nematode-protectant seed treatments, 
ILeVO (fluopyram) and VOTiVO (Bacillus firmus I-1582), on the soybean cyst nematode, 
Heterodera glycines. There are five chapters. Chapter one is the introduction and literature 
review. Chapter two describes microfluidic devices to study chemotaxis of plant-parasitic 
nematodes to chemicals and young plant roots, and custom software to aid in image capture 
and data collection. Chapter three examines the effects of ILeVO and VOTiVO on 
reproduction, hatching, motility, and root penetration of H. glycines. Chapter four contains 
experiments on the effects of ILeVO and VOTiVO seed treatment on root penetration and 
behavior of H. glycines. Lastly, chapter five is a summary of the findings of the previous 
chapters. 
Introduction and Literature Review 
     Soybean (Glycine max (L.) Merrill) is a widely grown legume crop. Approximately 
320 million metric tons of soybeans were produced worldwide in 2015 (SoyStats 2016). 
Soybeans are consumed by livestock and humans, and are components of biofuels (Schmitt 
2004) and industrial products (Kumar et al. 2002). Soybean yields are affected by a number 
of factors, including weather, soil type, soil fertility, pests, and pathogens (Hartman et al. 
2011). One of the most economically important pathogens of soybean is the soybean cyst 
nematode, Heterodera glycines Ichinohe. 
    Heterodera glycines likely originated in East Asia, where soybeans were 
domesticated thousands of years ago. Characteristic symptoms of H. glycines damage have 
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been reported in China for centuries, although the nematode was described scientifically only 
in 1915 (Riggs 2004). The nematode was discovered in the United States in 1954 in North 
Carolina (Winstead et al. 1955). Since then, H. glycines has spread throughout the United 
States and has been reported in every soybean growing state with the exception of New York 
and West Virginia (Tylka and Marett 2014). Internationally, the nematode has been found in 
many soybean-producing countries, including Brazil, Canada, China, and Japan (Riggs 
2004). It is considered the most economically important pathogen of soybean in many of 
these countries (Wrather et al 2010).  
Host Range and Lifecycle. Heterodera glycines is an obligate endoparasite from phylum 
Nematoda and family Heteroderidae (Niblack et al. 2006). A number of other leguminous 
plants are hosts, such as cowpea, clover, and snapbean (Riggs 1992). Some non-leguminous 
plants also support H. glycines reproduction, including agriculturally important weeds like 
henbit and field pennycress (Poromarto et al. 2015). The survival unit of H. glycines is the 
egg, which often is encased in a protective cyst (dead female). Like most plant-parasitic 
nematode species, H. glycines molts once inside of the egg into a second-stage juvenile (J2), 
which is the stage that hatches. Eggs survive cold winter temperatures in a dormant state until 
favorable environmental factors trigger hatching. Factors mediating J2 hatching include 
temperature, time, and host root exudates (Masler and Rogers 2011; Niblack 2005; Turner 
and Subbotin 2013). Exudates from vegetative and flowering plants are reported to induce 
higher rates of hatching than exudates from senescing or leafless plants (Tefft and Bone 
1983).  
Following hatching, the J2s migrate to roots, likely by following gradients formed by root 
exudates (Papademetriou and Bone 1983). The J2s penetrate soybean roots with a hollow, 
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protrusible stylet located at the anterior end of the body. This stylet releases root-degrading 
enzymes, including cellulases, allowing the nematode to enter and migrate intracellularly 
through the roots (Smant et al. 1998). Following migration, a J2 selects one cell that becomes 
a feeding site, known as a syncytium, which often is located in the plant vascular tissue 
(Johnson et al. 1993). The nematode releases effector proteins via its stylet into the selected 
cell. Some of these effector proteins mimic endogenous plant cell signals, resulting in 
reductions in plant defense responses and the transformation of the plant cell into a nutrient 
sink (Kandoth et al. 2011). Following initiation of a feeding site, the cell wall tissue of the 
surrounding cells dissolves, and a multinucleate feeding site forms from hundreds of adjacent 
plant cells (Mitchum et al. 2013).  
During feeding, the nematode molts three times and matures as an adult male or female. The 
vermiform male leaves the root to mate, and the female continues to feed and increase in size 
(Lauritis et al. 1983). There have been conflicting reports in the male:female sex ratio. 
Heterodera glycines sex is thought to be determined genetically at a 1:1 male:female ratio 
and variations in the observed sex ratio are due to differential mortality between the sexes 
(Colgrove and Niblack 2005). Factors affecting the observed sex ratio include temperature, 
infection density, and host resistance (Colgrove and Niblack 2005; Koliopanos and 
Triantaphyllou 1972; Melton et al. 1986). Approximately two weeks after initial infection, 
the posterior of the female emerges from the root, allowing for mating with one or more 
males in the soil. After mating, a female produces several hundred eggs, mostly in her body 
but also in an outer gelatinous matrix (Sipes et al. 1992). The entire life cycle can be 
completed in as little as 21 days (Lauritis et al. 1983), but varies depending on environmental 
conditions. Females die after producing eggs and then are termed cysts. The cyst serves as a 
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protective structure for the eggs until conditions are favorable for hatching (Niblack et al. 
2006).  
Symptoms. Aboveground symptoms of H. glycines damage are often confused with abiotic 
stresses such as drought or nutrient deficiency. Chlorotic leaves and stunted plants are 
potential symptoms of H. glycines infection (Davis and Tylka 2000). However, yield 
reductions of up to 30 percent are possible in the absence of obvious aboveground symptoms 
(Wang et al. 2003). Higher population densities of H. glycines in the soil are correlated with 
lower soybean yields (MacGuidwin et al. 1995). The damage potential from H. glycines 
infestation also is dependent on interactions with other factors.  
Interactions with abiotic and biotic factors 
Interactions with abiotic factors. A number of abiotic factors, such as soil temperature, pH, 
and soil texture, affect H. glycines reproduction. Although H. glycines eggs can survive long 
periods at low temperatures, embryonic development, molting, and hatching require 
temperatures between 20 to 30°C. Temperatures above 30°C result in death of H. glycines 
eggs (Alston and Schmitt 1988). Additionally, the rate of female development on soybean 
roots has been reported to be linear between 20 and 28°C (Melton et al. 1986).  
Soil pH levels above neutral (>7) have been associated with increased H. glycines 
reproduction in greenhouse (Wiggs and Tylka 2011) and field (Pederson et al. 2010) 
experiments. The mechanism behind this interaction is unclear. But H. glycines infestation 
may increase iron deficiency chlorosis symptoms (Chen et al. 2007), which is common in 
high pH fields. The interaction between soil texture and H. glycines damage is poorly 
understood, but higher H. glycines population densities were associated in one study with 
loamy sand soils compared to sandy clay loam soils (Avendaño et al. 2004). 
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Interaction with other pests and diseases. There are a number of pests and pathogens of 
soybean that interact with H. glycines via their shared host. These interactions can have a 
positive or negative impact on H. glycines reproduction and often result in greater damage to 
soybeans. The mechanisms for most of these interactions are not well understood. 
Heterodera glycines infection of soybeans increases both the incidence and severity of brown 
stem rot symptoms, caused by the fungal pathogen Cadophora gregata Harrington and 
McNew (Tabor et al. 2003). Similarly, H. glycines increases sudden death syndrome (SDS) 
symptoms, caused by the fungus Fusarium virguliforme O’Donnell and Aoki, compared to 
plants afflicted with SDS alone (McLean and Lawrence 1993). Heterodera glycines also has 
been reported to interact with other plant-parasitic nematodes. In general, the presence of 
other plant-parasitic nematodes limits H. glycines reproduction, possibly due to competition 
between the nematodes (Melakeberhan and Dey 2003; Ross 1964). Of particular interest are 
interactions between pests that do not come into direct contact with H. glycines. The soybean 
aphid, Aphis glycines Matsumura, feeds on phloem sap from leaf and stem tissue, yet affects 
H. glycines reproduction in the roots. The interaction between the aphid and the nematode 
can result in higher or lower H. glycines reproduction depending on H. glycines population 
density and host resistance (McCarville et al. 2014). Soybeans that are not infected with H. 
glycines are also more attractive to alate A. glycines compared to plants infected with the 
nematode (Hong et al. 2010). 
Management 
Management options for H. glycines control include host resistance, rotation with non-host 
crops, nematicides, and biological control. A combination of host resistance and growing 
non-host crops has provided sufficient control and yield preservation in many infested 
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regions of the United States. However, increased virulence of surveyed H. glycines 
populations on resistant soybeans has stirred interest in chemical and biological control. 
Since the mid 2000s, seed treatment has become an increasingly important delivery system 
for both chemical and biological control products targeting H. glycines.  
Host resistance. There are a number of soybean cultivars resistant to H. glycines. In many 
cases, resistant soybeans reduce H. glycines reproduction, resulting in increased yields. 
However, H. glycines virulence, defined in this context as the ability of the nematode to 
reproduce on resistant varieties, challenges the long-term effectiveness of this strategy. The 
classification system for assessing H. glycines virulence has undergone significant changes 
over the last several decades. Originally, H. glycines populations were differentiated by their 
virulence on different resistant soybean lines using the race test (Golden et al. 1970). The 
current classification scheme categorizes populations of H. glycines as different HG types 
using seven indicator lines containing different sources of resistance in a standardized 
greenhouse experiment (Niblack et al. 2002). An H. glycines population is considered 
virulent on a particular resistant line if reproduction of the population is 10 percent or more 
of the susceptible variety (Niblack et al. 2002). The HG type designations are based on 
average virulence levels of genetically mixed populations of H. glycines, and HG types are 
not related to morphological or other characteristics of the nematode (Tylka 2016). Although 
there are a number of sources of resistance to H. glycines in soybean germplasm, most 
soybean cultivars with resistance to H. glycines derive it from Plant Introduction (PI) 88788. 
For example, over 95 percent of the resistant varieties in Iowa contain PI 88788 nematode 
resistance (Tylka and Mullaney 2015). The PI 88788 resistance comes from the Rhg1 
quantitative trait locus on chromosome 18 in soybean, and multiple copy number of genes at 
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this locus region results in increased soybean resistance to H. glycines (Cook et al. 2012). 
The PI 88788 source of resistance limits H. glycines syncytium formation or maintenance by 
upregulating defense genes involved in salicylic acid mediated defenses, production of 
oxygen radicals, and the hypersensitive response (Kandoth et al. 2011). Consequently, the 
nematode is able to enter the root and begin the feeding process, but is unable to complete its 
life cycle. However, some populations of H. glycines are capable of overcoming PI 88788 
resistance, and virulent populations are now found throughout key soybean growing states. 
For example, in Illinois, surveyed H. glycines populations with the ability to reproduce on PI 
88788 roughly doubled between 1991 and 2005 (Niblack et al. 2008).  
Rotation with non-host crops. Many crops are not H. glycines hosts, and growing them in 
infested fields reduces nematode population densities in years when soybeans are not grown. 
Sasser and Uzzell (1991) reported increased soybean yield and lower H. glycines numbers in 
soybean plots that were in rotation with the non-host crop maize (Zea mays L.) compared to 
soybean plots under continuous soybean cultivation. Similarly, Noel and Edwards (1996) 
found that rotating with maize in combination with planting H. glycines-resistant soybeans 
increased yield. The incorporation of both resistant and susceptible cultivars into a crop 
rotation scheme also may slow the shift of H. glycines virulence on resistant varieties (Young 
1998). Other proposed management strategies using non-host crops include planting trap 
crops in non-soybean years and intercropping soybeans with non-host plants (Niblack and 
Chen 2004). However, eggs of H. glycines can persist in the soil for many years, and 
although H. glycines numbers drop in years when non-host crops are grown, infestations are 
seldom eliminated (Niblack 2005).  
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Chemical, biorational, and biological control. A number of nematicides have been 
examined for H. glycines management, including fumigants and nonfumigants (i.e. granulars 
and liquids). Fumigants that are effective against H. glycines include 1,3-dichloropropene 
and ethylene dibromide (Sasser and Uzzell 1991; Wrather et al. 1984). Nonfumigants used 
for H. glycines management include alachlor, aldicarb, and fenamiphos (Bostian et al. 1986; 
Schmitt 1991). However, nematicides are usually economically unviable in soybean 
production (Schmitt 1991). In addition, most effective fumigant nematicides are no longer 
registered and many have been restricted or phased out due to environmental and human 
health concerns (Haydock et al. 2012).  
There are a number of biorational and biocontrol strategies to control H. glycines in the 
literature. Biorational pesticide research involves screening, characterizing, and applying of 
naturally derived chemical compounds that have activity against the nematode. An example 
of efficacious naturally derived compounds that limit nematode damage include H. glycines 
sex pheromones and their analogs, which were shown to reduce H. glycines populations in 
the soil (Meyer et al. 1997). Other compounds, such as abamectin, a fermentation product 
from Streptomyces avermitilis, have been shown to be nematicidal to a number of plant-
parasitic nematode species (Cayrol et al. 1993; Faske et al. 2006). Biological control tactics 
revolve around introducing microbes antagonistic to H. glycines to the field. There are a 
number of microbes that have been identified as antagonistic or parasitic to H. glycines. 
Bacillus firmus I-1582 is an example of a microbe that negatively affects H. glycines 
hatching and motility (Schrimsher 2013) and Pasteuria nishizawae is an example of a 
microbe that is parasitic to the nematode (Sayre et al. 1991). Both B. firmus and P. penetrans 
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are active ingredients of two different commercially available seed treatments for H. glycines 
management. 
Seed treatments. Nematode-protectant seed treatments contain chemical or biological active 
ingredients (AIs) that limit nematode damage to plants (Munkvold et al. 2014). The first 
report of applying nematicides to seeds for nematode control was in 1960 (O’Bannon and 
Reynolds 1960), but seed treatments for H. glycines management have been commercially 
available from the mid 2000s. Since then, seed treatment has become an economically 
feasible and less hazardous way to implement chemical and biological control programs for 
plant-parasitic nematodes such as H. glycines.  
There are a number of benefits of seed treatments over direct soil applications of chemical 
and biological products: reduced amounts of applied AI per acre, potentially reduced effects 
on non-target organisms, and reduced health risks for agricultural workers (Munkvold et al. 
2014). Currently available seed treatments for H. glycines management have a wide variety 
of active ingredients ranging from biological parasites (e.g. Pasteuria nishizawae), plant 
defense elicitors (e.g. harpin protein), and nematicides (e.g. abamectin).  
Due to root growth away from the treated seed, these products would likely not provide 
season-long protection. But delays in nematode infection have been reported to reduce 
nematode damage to plants. For example, Shane and Barker (1986) reported a significant 
decrease in soybean damage caused by the nematode Meloidogyne incognita when the plants 
were inoculated with the nematode eight days after planting compared to earlier inoculation 
times. Therefore, seed treatments that effectively limit nematode damage in young seedlings 
may lead to increased biomass accumulation and crop yield. 
10 
 
 
 
Despite considerable progress in seed treatment development and commercialization, their 
performance, measured by increased yields or reductions in nematode numbers, has been 
highly variable under field conditions (Chilvers et al. 2012; Gaspar et al. 2014; Wheeler et al. 
2013). Some compounds control nematodes in vitro, but show less activity in greenhouse or 
field experiments. For example, abamectin had nematicidal effects on Meloidogyne incognita 
and Rotylenchulus reniformis in laboratory experiments (Faske and Starr 2006), but as a seed 
treatment (trade name: Avicta, Syngenta Seedcare, Inc.) did not reduce nematode infectivity 
or reproduction under greenhouse conditions (Faske and Starr 2007). Additionally, Bacillus 
firmus I-1582 reduced motility and hatching of H. glycines in vitro (Schrimsher 2013), but 
did not reduce H. glycines reproduction in the greenhouse (Zaworski 2014) or increase 
soybean yields in field experiments (Chilvers et al. 2012). Field experiments with N-Hibit, a 
harpin protein that is intended to stimulate plant defenses, did not reduce H. glycines egg 
number or increase yield in several field locations in Iowa in 2007 and 2008 (Tylka and 
Marett 2008). The performance variability associated with these seed treatments is likely 
attributable to interactions between the treatments and the environment (Gaspar et al. 2014; 
Wheeler et al. 2013) and nematode population densities.  
Despite challenges associated with performance variability, nematode-protectant seed 
treatments have the potential to be valuable components of an integrated management plan 
for H. glycines. A deeper understanding of the effects of seed treatments on the biology of H. 
glycines and examinations into the extent of protection conferred to young soybean plants 
could lead to a better understanding of these products, and direct efforts to deploy them more 
successfully.  
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Objectives 
The objectives of the research presented in this dissertation are as follows: 
Objective 1: Develop microfluidic devices to study chemotaxis of plant-parasitic 
nematodes (Chapter two). 
Justification: The future of H. glycines management relies on the development of new 
sources of resistance and new nematode-protectant seed treatments. Sensitive new assays that 
can assess subtle behavioral changes can be useful tools in breeding programs or active 
ingredient screening. Chapters two describes two microfluidic devices for studying 
chemotaxis of plant-parasitic nematodes, as well as computer software for real-time imaging 
of nematodes.  
Objective 2: Assess the effects of ILeVO and VOTiVO seed treatments on the life 
processes of H. glycines (Chapters three and four). 
Justification: Although a number of new seed treatment options are available to growers, the 
effects of these products on the biology of H. glycines and the extent of their protection are 
poorly understood. Careful assessment of two products for H. glycines management, 
VOTiVO (Bacillus firmus I-1582) and ILeVO (fluopyram) can provide information on how 
they work on important processes in the H. glycines lifecycle as well as the extent of 
protection conferred to seed and root zones of emerging soybean seedlings. Chapter four 
documents the effects of ILeVO and VOTiVO treatments on H. glycines reproduction, 
hatching, motility, and root penetration. Chapter five examines the effects of the two seed 
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treatments on H. glycines root penetration at different inoculation depths and the behavioral 
response of the nematode to the presence of the products. 
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Abstract 
1Plant-parasitic nematodes cause substantial damage to agricultural crops worldwide. 
Long-term management of these pests requires novel strategies to reduce infection of host 
plants. Disruption of nematode chemotaxis to root systems has been proposed as a potential 
management approach, and novel assays are needed to test the chemotactic behavior of 
nematodes against a wide range of synthetic chemicals and root exudates. Two microfluidic 
chips were developed that measure the attraction or repulsion of nematodes to chemicals 
(“chemical chip”) and young plant roots (“root chip”). The chip designs allowed for chemical 
concentration gradients to be maintained up to 24 hours, the nematodes to remain physically 
separate from the chemical reservoirs, and for images of nematode populations to be captured 
using either a microscope or a flatbed scanner. In the experiments using the chemical chips, 
seven ionic solutions were tested on second-stage juveniles (J2s) of Meloidogyne incognita 
and Heterodera glycines. Results were consistent with previous reports of repellency of M. 
incognita to a majority of the ionic solutions, including NH4NO3, KNO3, KCl, MgCl2, and 
CaCl2. Heterodera glycines was found to be attracted to both NH4NO3 and KNO3, which has 
not been reported previously. A software program was written to aid in monitoring the location 
                                                           
*   Reproduced with permission from The American Phytopathological Society 
** Joint first authors  
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of nematodes at regular time intervals using the root chip. In experiments with the root chip, 
H. glycines J2s were attracted to roots of 3-day-old, susceptible (cv. Williams 82) soybean 
seedlings, and attraction of H. glycines to susceptible soybean was similar across the length of 
the root. Attraction to resistant (cv. Jack) soybean seedlings relative to the water only control 
was inconsistent across runs, and H. glycines J2s were not preferentially attracted to the roots 
of resistant or susceptible cultivars when both were placed on opposite sides of the same root 
chip. The chips developed allow for direct tests of plant-parasitic nematode chemotaxis to 
chemicals and roots with minimal human intervention.  
 
Introduction 
The soybean cyst nematode, Heterodera glycines, and the root-knot nematode, 
Meloidogyne incognita, are economically important plant-parasitic nematodes, each causing 
billions of dollars in crop loss annually (Sasser and Freckman 1987). Plant-parasitic nematodes 
locate their hosts using a range of chemical cues exuded from host roots (Perry 1996). The 
selective movement of nematodes towards known and unknown chemical cues is referred to 
as chemotaxis (Zuckerman and Jansson 1984). In the soil, chemotaxis is a complex 
phenomenon where interplay among multiple attractants and repellents produce long-range 
and short-range spatiotemporal signals for the nematode (Reynolds et al. 2011). With limited 
energy reserves, nematodes need to decipher competing chemical cues and infect their host 
within a restricted time. Understanding the factors involved with plant-parasitic nematode 
chemotaxis is a scientifically intriguing topic that could lead to advances in managing these 
pests.  
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A number of assays have been developed and used to study the chemotaxis of 
nematodes. Many of these laboratory assays use agar as the migration matrix and use a number 
of different physical configurations (Castro et al. 1990; Devine and Jones, 2003; 
Papademetriou and Bone 1983; Riddle and Bird 1985; Shinya et al. 2015). The configuration 
and dimensions of the areas used to conduct these assays depends on the scientific hypotheses 
being tested. For example, a Y-shaped olfactometer was created in a Pluronic gel matrix to 
study whether Meloidogyne incognita and M. graminicola used the shortest path to navigate a 
maze and reach host roots (Reynolds et al. 2011). Besides the choice of the physical device, 
different ways to quantify the chemotactic behavior on plate assays have been reported. For 
instance, relative values can be assigned to nematodes depending on their proximity to a source 
compound (Wuyts et al. 2006), the number of nematodes in contact with a root (Wang et al. 
2009b), or by observing the tracks created by nematodes on agar surfaces as they move towards 
a filter paper disk soaked with a test compound (Huettel and Jaffe 1987; Papademetriou and 
Bone 1983). Although agar-based plate assays are widely adopted for their inherent simplicity, 
there are some compromises associated with their use. Plate assays require carefully drying the 
agar (Wuyts et al. 2006), and adding a treatment compound to a well cut into the agar or on a 
saturated filter paper disk (Hu et al. 2013, Papademetriou and Bone 1983), potentially 
introducing a source of variability between experiments. On plates with agar, some of the 
nematodes may not be visible throughout the length of the experiment as some nematodes can 
move beneath the agar surface, migrate to the edges of the plate, or become obscured as they 
reach the source of the chemical gradient (i.e. agar plug, filter paper disk, etc.). Recording 
tracks made by nematodes (Papademetriou and Bone 1983) to a test compound can also be 
challenging if there are many nematodes on a given plate. 
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As an alternative to agar-based plate assays, microfluidic technology offers the 
advantage of diffusing compounds within custom-designed chip geometries to suit a desired 
chemotaxis experiment. Microfluidics can be defined as “the handling and analyzing of fluids 
in structures of micrometer scale” (Beebe et al. 2002). In the past two decades, there have been 
exciting applications of microfluidics in biology, such as in electrophysiology, pharmaceutical 
drug screening, cell sorting and analysis, biomolecule separation and screening, point-of-care 
diagnostics, and tissue engineering (Beebe et al. 2002). Microfluidic systems may also be 
paired with technology to allow the user to automatically load samples, perfuse chemicals, 
monitor real-time activity, record and analyze data, and conduct multiple tests simultaneously 
and in parallel. In nematology, the development of microfluidic assays have been primarily 
focused on the behavioral modeling of Caenorhabditis elegans (Saldanha et al. 2013) and some 
parasites of veterinary importance (Chen et al. 2011). These studies have also used image 
analysis combined with microfluidics to aid in data acquisition (Njus et al. 2015; Saldanha et 
al. 2013). 
While the goals of automation, real-time imaging, and high-throughput screening are 
necessary in certain studies (e.g. those involving pharmacology, toxicity, olfactory functions, 
and ion-channel kinetics of whole nematodes) that run over ten or twenty minutes (Carr et al. 
2011; Lockery et al. 2012; Peytavi et al. 2005), experiments to investigate the chemotaxis of 
plant-parasitic nematodes require longer time periods. Plant-parasitic nematodes exhibit a far 
more sedentary lifestyle than C. elegans, so microfluidic devices must be designed with these 
behavioral attributes in mind.           
The objectives of our study were to 1) design, optimize, and fabricate two microfluidic 
chips, a “chemical chip” and “root chip” 2) determine the effect of multiple ionic solutions on 
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movement of second-stage juveniles (J2s) of H. glycines and M. incognita using the chemical 
chip, and 3) study the movement of H. glycines J2s in response to young soybean roots growing 
in the root chip. The combination of microfluidic chips and imaging tools can potentially lead 
to faster screening of novel chemical compounds that disrupt nematode migration to roots, 
characterizing nematode-resistant traits of host plants, and answering fundamental questions 
in root-nematode interactions.  
Materials and Methods 
Microfluidic chips. The overall design of the chemical microfluidic chip is shown in Fig. 1. 
Each lane on the chip consisted of a central port (i.e. the nematode entry port) where nematodes 
were inserted for chemotaxis experiments (Fig. 1A). Two resting chambers on either side of 
the nematode entry port allowed for unrestricted movement of the nematodes from the central 
port. Two resting chambers at opposite ends of the lane provided access to reservoirs that 
contained treatment solutions. The treatment reservoir housed the test compound of interest 
and the control reservoir contained the experimental control treatment. The resting chambers 
were connected to the treatment and control reservoirs by microscale filters (Fig. 1B). The 
filters allowed slow diffusion of chemicals from the treatment and control reservoirs into the 
resting chambers and also prevented nematodes from moving into the treatment and control 
reservoirs. The chemical microfluidic chip contained four parallel lanes for separate, 
simultaneous tests (Fig. 1C). The dimensions of all components of the chip are included in 
Supplementary Fig. 1.  
The mask templates were drawn in AutoCADTM and sent to an outside vendor 
(FineLine ImagingTM) for printing. The microfluidic chip mold was made in two parts: first 
the filters were made, followed by the chambers and ports. Standard soft lithography was 
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used to fabricate the microfluidic chip. Briefly, an ultraviolet-sensitive polymer, SU-8 2005 
(MicroChem), was spin coated at a speed of 3,000 rpm for 30 seconds on a 7.62 cm silicon 
wafer to deposit a 5-µm-thick layer. The wafer then was baked at 95°C for 2 minutes. The 
SU-8 layer was selectively exposed to ultraviolet light (350 nm) using the mask template for 
the filters. The wafer then was baked for 3 minutes at 95°C to harden the developed SU-8. A 
second layer of photoresist, SU-8 2025 (MicroChem), was spin coated on top of the 5-µm-
thick layer of SU-8 for 30 seconds at 1,000 rpm resulting in a layer thickness of 75 µm. Next, 
the wafer was baked at 65°C for 3 minutes and then baked for an additional 9 minutes at 
95°C. The mask template for the ports and chambers then was used to selectively expose the 
SU-8 to the ultraviolet light. After another baking step at 65°C for 2 minutes and 95°C for 7 
minutes, a SU-8 developer (MicroChem) was used to remove the unexposed photoresist 
leaving a negative mold of the final chip. Then to fully harden the SU-8, the wafer was baked 
at 150°C for 30 minutes. Thereafter, polydimethylsiloxane (PDMS) was poured on the SU-8 
mold and baked on a hotplate for 3 hours at 100˚C. The solidified PDMS structure was 
peeled off and holes were punched to create the treatment and control reservoirs and the 
nematode entry port. Finally, the PDMS chip was bonded to a glass slide using a plasma 
cleaner.  
Preliminary experiments were conducted with H. glycines J2s to determine the 
optimal device layout and dimensions, particularly the size of the filters and the relative 
volumes of resting chambers and reservoirs for use with plant-parasitic nematodes. Figure 
2A shows diffusion tests with colored dyes taken at different time points to confirm the slow 
diffusion of chemicals into the resting chambers over the length of an experiment. A 
microfluidic lane in the chip was pre-filled with water, and red and blue dyes were added to 
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the treatment and control reservoirs. As shown in the figure, the two dyes are localized in 
their respective resting chambers, and there is virtually no mixing of the dyes in the central 
nematode entry port. This visual observation suggests that the microfluidic chips can be used 
to perform chemotaxis experiments for up to 24 hours. Figure 2B demonstrates how 
nematodes move through the chemical chip over the length of an experiment with KNO3. 
The H. glycines J2s in this run were attracted to KNO3 as early as 4 hours, and a majority of 
the nematodes in the chip were in the resting chamber nearest to the filters connected to the 
KNO3 reservoir by 24 hours.  
The chemical chip was modified into a root chip by converting the four separate 
treatment and control reservoirs in the four lanes of the chip into two elongated root channels. 
This was done by carefully cutting a PDMS layer with a clean razor blade and bonding two 
rectangular pieces of PDMS over the top of the root channels. This design provided coverage 
of the root and slowed the evaporation of fluids from the root channel. The root chip comprised 
four lanes that are exposed to different sections of the growing root, from nearest the seed to 
nearest the root tip.  
Nematode collection for experiments. Populations of H. glycines and M. incognita were 
maintained in the greenhouse on soybean, Glycine max (cv. Williams 82) and tomato, 
Lycopersicon esculentum (cv. Rutgers), respectively. Females and cysts (dead females filled 
with eggs) of H. glycines were collected from four- to eight-week-old plants by rinsing roots 
with water to remove soil and then spraying the roots with a stream of water on an 850-μm-
pore sieve nested above a 250-μm-pore sieve. The debris and the H. glycines females and cysts 
were collected on the 250-μm-pore sieve, and the females and cysts were separated from the 
debris by sucrose centrifugation (Jenkins 1964) using 1,362 g/L of sucrose. The females and 
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cysts were crushed with a motorized rubber stopper to release the eggs, which were collected 
on 25-μm-pore sieve nested under a 75-μm-pore sieve (Faghihi and Ferris 2000).  
Eggs of M. incognita were collected by washing soil from the roots of six- to eight-
week-old M. incognita-infected tomato plants, cutting the roots into 2-cm-long pieces, and 
incubating the root pieces with agitation in 0.5% sodium hypochlorite (bleach) for two minutes 
(Hussey and Barker 1973). The suspension was poured over a nested pair of 75-μm-pore and 
25-μm-pore sieves to recover the nematode eggs on the bottom, 25-μm-pore sieve. The eggs 
were rinsed with water several times to remove all residues of the bleach.  
Extracted eggs of both nematode species were further separated from debris with 
sucrose centrifugation in 454 g/L sucrose (Jenkins 1964). The eggs were washed with sterile, 
distilled water and incubated in the dark at 25°C for 72 hours on 30-μm-pore mesh (Elko 
Filtering, Miami, FL) to hatch the J2s  (Wong et al. 1993). The hatched J2s moved downward 
through the 30-μm-pore mesh into the water and were collected by centrifuging the nematode 
suspension at 2,000 g for approximately 4 minutes. The concentrated J2 suspension was diluted 
with sterile, distilled water to achieve the appropriate nematode population density for use in 
the experiments.  
Chemical chip experimental setup. Each lane of the microfluidic chip was filled with 
approximately 100 μL of sterile, distilled water added through the nematode entry port using 
a 100-mL syringe connected to rubber tubing (inner diameter: 1 mm). A custom-made PDMS 
connector was put over the nematode entry port to apply sufficient fluid pressure to completely 
fill the chip. The connector was a cylindrical piece of PDMS (outside diameter: 5 mm, height 
3 mm) with a 0.8-mm-diameter hole punch in the center, which allowed the tubing to be 
attached the connector. The chips were visually inspected after filling to ensure that each entire 
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lane was completely filled with water. If air bubbles were trapped in any section of the lane, 
more water was added until the bubbles had exited the lane through openings of the treatment 
or control reservoirs. Chips that had large bubbles in the resting chambers or in the filters that 
could not be removed were discarded. Next, 30 to 70 H. glycines or M. incognita J2s were 
suspended in 10 to 15 μL of water and added to the nematode entry port, then 50 μL of test 
chemical was added to the treatment reservoir and 50 μL of water was added to the control 
reservoir. The compounds used in the experiments were ionic solutions that had been reported 
to be attractants or repellants for H. glycines (Papademetriou and Bone 1983) and M. incognita 
(Castro et al. 1990; Le Saux and Quénéhervé 2002; Prot 1979; Riddle and Bird 1985). These 
included sulfates (Na2SO4, ZnSO4), nitrates (NH4NO3, KNO3), and chlorides (MgCl2, CaCl2, 
KCl). All ionic solutions were prepared at a concentration of 500 mM. Ionic solution 
treatments were added to the left or right sides arbitrarily, and their position was switched for 
each replication. To check for any bias of nematode movement from other factors (such as chip 
dimensions, fluid flow, or filling process), some lanes were filled with water in both the 
treatment and control reservoirs. The chips were incubated in darkness at 25°C. For each ionic 
solution, between 482 to 712 H. glycines J2s were tested over a total of 9 to 10 replications 
and 441 to 666 J2s of M. incognita were tested over a total of 9 to 12 replications (Table 1). 
Root chip experimental setup. Experiments were conducted with H. glycines and soybean 
seedlings in root chips. The following set of treatments were assessed: H. glycines-
susceptible soybean versus water, H. glycines-resistant soybean versus water, H. glycines-
susceptible soybean versus H. glycines-resistant soybean, and water versus water. Soybean 
seeds of H. glycines-susceptible (cv. Williams 82) and H. glycines-resistant (cv. Jack) 
cultivars were plated on 1.5% agar and germinated in darkness at 25˚C for three days. For 
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testing chemotaxis of H. glycines to single cultivars, roots of these seedlings were inserted 
arbitrarily in a channel on either side of the root chip, and the other channel was filled with 
water. In a separate experiment, roots of the two soybean cultivars were placed on opposite 
sides of a chip. Similar to the chemical chip setup, water-only controls were used to check for 
any directional bias in the chips in which the root channels were filled with water on both 
sides. The H. glycines J2s were added to the nematode entry port just as they were for the 
chemical chip experiments, and the movement of the J2s towards or away from these 
treatments was monitored. Root chips were placed flat on a scanner that was enclosed in the 
temperature-controlled (25˚C) chamber and scanned every hour for 18 hours. A total of 4 
chips were used for each treatment, with the number of H. glycines J2s tested for each 
treatment ranging from 502 to 574. 
Data collection. For the chemical chip experiments, all data was collected using a dissecting 
microscope at 60X magnification. The locations of the nematodes in the chemical chips were 
initially recorded at 1, 6, 24, and 48 hours after the start of the experiment. It was then 
determined that the maximum response occurred at 24 hours, and data collection for some 
chemical chip experiments was done only at 24 hours.  
For experiments with the root chip, a custom software program was written in 
AutoHotkey to control a high-resolution (2400 dpi) flatbed scanner (EPSON Perfection V750-
M Pro Scanner) onto which the root chips were placed. The program also controlled the time 
interval between successive scans of the chips. A temperature-controlled chamber (25 °C) 
housed the scanner, and multiple chips (up to four) were placed on the scanner bed to be 
monitored simultaneously during an experiment. When the experimental run was completed, 
a second program written in MATLAB organized and formatted the scanned images to allow 
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a user to identify the locations of all of the nematodes in a lane at each time point. Thereafter, 
the MATLAB program used the x- and y-coordinates of each user-identified nematode and 
scored individual nematodes as either being attracted, repelled, or having no preference to the 
treatment based on their location in the resting chambers or nematode entry port. The 
movement of J2s to a resting chamber adjacent to a reservoir holding a test compound was 
considered an attraction behavior, and movement of J2s to a resting chamber in the opposite 
direction was considered a repulsion behavior. We also used the scanner setup to demonstrate 
the slow diffusion of chemicals through the filters from the treatment ports (Fig. 2). 
Statistical analysis. For each nematode species in the chemical chip experiments, there 
were between 9 to 12 runs for each ionic solution tested and 23 runs for the water only control 
treatment. The percentages of J2s in the two resting chambers and nematode entry port at 24 
hours were calculated. For the chemical chip experiments, the percentage of nematodes in a 
resting chamber adjacent to the treatment reservoir was compared with the percentage of 
nematodes in the resting chamber adjacent to the control reservoir using a paired Student’s t-
test in SAS using PROC TTEST (Devine and Jones 2003; Hu et al. 2013).  
For the root chip experiments, the percentages of nematodes in each of the resting 
chambers were analyzed similarly to the chemical chip experiments. First, an ANOVA was 
conducted in PROC GLM of SAS (Version 9.4) to test the effect of lane at each hour time 
point. If the effect of lane was found not to be significant, the data from all lanes were combined 
for analysis and the effect of each treatment in the root chips at 18 hours was tested using a 
paired t-test in PROC TTEST.  
A chemotaxis index (chemoindex) modeled after Le Saux and Quénéhervé (2002) was 
calculated to determine overall movement of the nematode population inside each lane of the 
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root chip. The equation for the chemoindex was defined as: (pT-pC), where pT is the 
percentage of nematodes in the chip residing in the resting chamber adjacent to the treatment 
reservoir and pC is the percentage of the nematodes in the resting chamber adjacent to the 
control reservoir. Therefore, a positive value (i.e. greater than zero) denoted that the nematode 
juveniles were attracted to the treatment, and a negative value (i.e. less than zero) indicated 
that juveniles were repelled from the treatment. The chemoindex value was calculated for each 
lane of a chip at every time point in the experiment. Standard errors of the mean (SEM) of the 
chemoindex values for each lane were calculated and plotted for every hour of the experiment.  
Results 
Chemical chip experiments. Greatest separation of both plant-parasitic nematode species 
from the resting chambers occurred by 24 hours of incubation (data from other time points 
are not shown). No directional bias towards the right or left side of the chip was observed in 
the water only controls (Fig. 3). Heterodera glycines and M. incognita exhibited differential 
chemotactic responses to the ionic solutions. In general, 32 to 52.3 percent of the H. glycines 
J2s added to the chemical chips moved towards or away from test compounds and 37.6 to 
76.6 percent remained in the nematode entry point after 24 hours. In contrast, only 14.1 to 51 
percent of the M. incognita J2s moved towards or away from compounds used in the 
experiments.  
A compound was determined to be an attractant or repellent if a significantly higher 
proportion of nematodes moved toward the nematode resting chamber adjacent to treatment 
reservoir or away from a compound being tested (i.e. toward the resting chamber adjacent to 
the control reservoir). Compounds that elicited no significant movement towards or away from 
the source were considered neutral. Among the compounds to which H. glycines was exposed, 
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three were attractants, one was a repellant, and three had no significant effect (Table 1). 
Specifically, there was significant movement of H. glycines J2s towards MgCl2, KNO3, and 
NH4NO3 (Fig 3). Heterodera glycines J2s were most strongly attracted to KNO3, where an 
average of 51% of the J2s in the chip moved towards the compound and only 10.1% away. 
Conversely, H. glycines was repelled by CaCl2, with an average of 13.2% moving toward the 
compound and 32% moving away. There was no significant movement detected towards or 
away from KCl, ZnSO4, Na2SO4, and the water only control. In contrast to the results obtained 
with H. glycines, M. incognita J2s were repelled by KNO3, NH4NO3, KCl, MgCl2, and CaCl2. 
For example, an average of 51% of the M. incognita J2s move away by KCl and only 1.3% 
moved toward the compound (Fig. 3).  Like H. glycines, M. incognita J2s were not attracted 
or repelled by ZnSO4 and Na2SO4 (Table 1).  
Root chip experiment. These experiments were limited to 18 hours, largely because water 
uptake from roots resulted in empty root channels after this time. The H. glycines J2s were 
successfully tracked moving in the chip during the course of the experiment using a flatbed 
scanner enclosed in a temperature-controlled box (Fig. 4). For the treatments with roots, the 
lane positions had negligible effect on the nematode movement patterns, and data were 
subsequently combined and analyzed (Table 2). The H. glycines-susceptible cultivar attracted 
H. glycines J2s regardless of which lane the nematodes were placed in, with positive 
chemotaxis index values ranging by lane from 12.1 to 16.8 after 18 hours (Fig. 5A). When 
lanes were combined for analysis, this attraction to the susceptible root was found to be 
significant (Table 2). Heterodera glycines J2s were attracted to H. glycines-resistant soybean 
in some runs, but the attractive response was not consistently seen across all replications, with 
chemotaxis index values ranging by lane from -9.2 to 3.5 after 18 hours (Fig. 5B). There was 
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no strong preference to either root when roots from both H. glycines-resistant and H. glycines-
susceptible cultivars were present on opposite sides (Fig. 5C), with most nematodes remaining 
in the central port at the end of the experiment. There was no directional bias in the water-only 
control chips (Fig. 5D).  
Discussion 
Plant-parasitic nematodes use chemical signals in the soil to guide them to host roots. 
This host-finding behavior provides scientists with an opportunity to search for chemical 
compounds and biological agents that disrupt obligately parasitic nematodes from finding host 
roots. Known chemical signals to which nematodes respond include plant hormones, CO2, 
ionic gradients, pH gradients, and secondary metabolites (Curtis 2008; Dusenbery 1983; Kerry 
2000; Riddle and Bird 1985; Wang and Williamson 2009a; Wuyts et al. 2006). Root exudates 
likely contain components that both attract and repel nematodes (Devine and Jones 2003; Tefft 
and Bone 1985). Some scientists have tried to characterize the effects of root exudates on 
nematodes (Devine and Jones 2003), but more studies are needed to understand the role of 
various factors in nematode chemotaxis. A better understanding of nematode chemotaxis can 
lead to identifying compounds that could serve as crop protection chemicals (Le Saux and 
Quénéhervé 2002) or biological antagonists (Sikora et al. 1992; Hu et al. 2013). Host plant 
resistance has been reported based partially on reduced nematode attraction to roots (Linsell et 
al. 2014), and exudates from root-cap cells have been reported to induce quiescence in certain 
plant-parasitic nematodes (Hiltpold et al. 2014). Furthermore, production of peptides in planta 
that disrupt chemotaxis of cyst nematodes has been reported (Lui et al. 2005). The microfluidic 
chips described in this paper can aid in conducting research to develop novel management 
strategies. 
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In this paper, we describe two microfluidic chips to study the chemotaxis of plant-
parasitic nematodes to both chemical compounds and live roots of intact soybean seedlings. 
The designs incorporate microscale filters that physically separate the nematodes from the 
treatments while permitting the establishment of chemical gradients over a period of 18 to 24 
hours. The chips enable increased standardization in chemotaxis experiments because the mask 
template is reusable, allowing us to fabricate new batches of microfluidic chips with consistent 
repeatability in chip dimensions. Additionally, we developed a software program that helps to 
analyze a large set of saved images  identifying moving nematodes and tracking the 
movement of nematode populations as a function of time. Seven ionic solutions were tested on 
chemotaxis of M. incognita and H. glycines J2s using visual observation of large numbers of 
nematodes (>5,000 of each species) with the chemical chip. And we measured the effect of 
soybean roots on chemotaxis of H. glycines with the root chip using a flatbed scanner paired 
with software to identify the position of all the nematodes in a device at 1 hour time points 
over the course of an 18 hour experiment. 
The results of the experiments with the chemical chip revealed an interesting 
differential chemotactic response of M. incognita and H. glycines J2s to various ionic solutions. 
Meloidogyne incognita J2s were significantly repelled by all but two ionic solutions tested, 
which was consistent with results from previous studies reporting strong repellency of M. 
incognita to various ionic solutions (Prot 1980; Castro et al. 1990; Le Saux and Quénéhervé 
2002; Riddle and Bird 1985). The mechanism behind this repellent behavior of M. incognita 
J2s to ionic solutions has not been discerned, but recent research by Hida et al. (2015) indicates 
that KNO3 can be both an attractant and repellent at different concentrations. Our research did 
not examine concentration-dependent effects. 
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Chemotaxis of H. glycines J2s has been less studied than that of M. incognita, but 
Papademetriou and Bone (1983) found that ZnSO4 and MgCl2 attracted H. glycines J2s. In our 
experiments, MgCl2 attracted H. glycines J2s but ZnSO4 did not elicit an attractive or repellent 
response. Differences between our results and those reported by the literature can possibly be 
attributed to the difference in chemical diffusion in different incubation media (water, agar, 
Pluronic gel, etc.) or the layout of the assay. For example, the assay of Papademetriou and 
Bone (1983) measured attractive behavior indirectly based on agar tracks as an indication to 
whether the nematodes moved towards filter paper saturated with a test compound over a 24 
hour period and ZnSO4 was found to be an attractant. Our chip allows for direct observation 
of nematode movement towards or away from a test compound. The fundamental differences 
in the two assay setups (measuring tracks versus direct nematode observation) may explain the 
differences in observed results. Our results found H. glycines J2s to be strongly attracted to 
both KNO3 and NH4NO3 and repelled by CaCl2, which has not been reported previously. As 
shown in Fig. 2B, the attraction of H. glycines to KNO3 occurred within a few hours, with a 
large number of J2s being attracted to the chemical as early as 4 hours after the start of the 
experiment. This response indicates that a KNO3 solution can serve as a good positive control 
for future H. glycines chemotaxis studies.  
The root chip system provides an alternative methodology for experiments that test 
nematode behavior in response to collected root exudates. Previous work has relied on 
collecting root exudates from growing plants and applied them to nematodes in separate steps 
(Levene et al. 1998; Tefft and Bone 1985; Zhao et al. 2000). Our root chip allows for 
undisturbed growth of the soybean seedlings in the presence of the nematode. Therefore, the 
nematode can react to exudates as they are directly being emitted from the roots. A single chip 
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has four separate lanes that allow spatial effects of roots of plant-parasitic nematode 
chemotaxis to be discerned. Spatial preference of J2 for penetration has been noted for species 
such as M. incognita, which migrates to root tips of host plants for penetration (Wyss et al. 
1992). The results of our experiments with three-day-old soybean seedlings suggest there is no 
spatial preference on chemotaxis of H. glycines (Table 2).  
Experiments with the root chip were conducted by taking high-resolution scans of the 
chips under controlled conditions over a period of 18 hours. The H. glycines J2s tested with 
the root chip were successfully monitored and analyzed with custom software program for 
automatic image capture as well as to streamline image processing and analysis. Results from 
the root chip found H. glycines J2s to be attracted to roots of susceptible (cv. Williams 82) 
soybean across multiple runs. The H. glycines J2s were attracted to resistant (cv. Jack) soybean 
in some runs (Fig. 4), but this effect was not consistent across runs (Fig. 5). There was no 
attraction of H. glycines J2s toward susceptible or resistant roots when both were placed on 
opposite sides of the chip (Fig. 5). This result is not inconsistent with the findings of Colgrove 
and Niblack (2005) who reported no differences in H. glycines J2 penetration into roots of 
resistant and susceptible soybean genotypes. Our results do not provide any strong conclusions 
in understanding the role of plant resistance on H. glycines chemotaxis, because the two 
soybean cultivars tested are genetically distinct. Because we did not test the effect of roots of 
non-hosts, it also is unclear if the attraction of H. glycines to the roots in our experiments is 
soybean specific or due to exudates found in all plant roots. Others have reported host and 
cultivar effects on chemotaxis of plant-parasitic nematodes (Zhao et al. 2000), indicating that 
this assay might be useful for further host and cultivar preference studies. Additionally, this 
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assay may be valuable for testing the effect of seed treatments, particularly systemic 
compounds, on chemotaxis of different nematode species. 
Recently, Hida et al. (2015) described a microfluidic chip that measured chemotaxis of 
M. incognita J2s to KNO3. There are similarities and differences between their approaches and 
ours. Both chips were constructed from PDMS using soft lithography, incorporate microscale 
filters to form concentration gradients of a chemical, and require the J2s to migrate to a final 
resting chamber. The chip described by Hida et al. (2015) is a T-shaped design that requires 
the nematodes to migrate up a channel before making a choice towards or away from a test 
chemical. Our chips require the J2s to make an immediate choice towards or away from a 
treatment. Additionally, Hida et al. (2015) used agarose gel as the migration medium, and our 
chips were filled with sterile, distilled water. The chips described in Hida et al. (2015) as well 
as in our paper can aid in understanding plant-parasitic nematode chemotaxis.  
There are some limitations of the microfluidic chips presented in this paper. As with 
other in vitro assays, it is difficult to ascertain if the results obtained from laboratory assays 
can be reliably reproduced in the field setting. For instance, the chemotactic gradients 
established in our assays may be different from those in natural soil environment, since these 
gradients may be altered by abiotic or biotic factors in the soil. In this context, Spence et al. 
(2008) cautioned that while laboratory assays can be useful in studying plant-parasitic and 
entomopathogenic nematodes, the effects observed in an in vitro assay can only provide 
predictions of field-relevant interactions and extrapolations of laboratory results are often 
unjustified. Advances in replicating the soil environment within chemotactic assays may aid 
in providing better predictions of field-relevant interactions (Lockery et al. 2008). 
Additionally, microfluidic chips constructed from PDMS are unable to test the chemotactic 
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effects of hydrophobic compounds without additional fabrication steps (Mukhopadhyay 2007; 
Toepke and Beebe 2006). Our chips rely on diffusion of compounds in water, and hydrophobic 
compounds would be immiscible and tend to get adsorbed along the PDMS sidewalls. In order 
to use PDMS microfluidic chips with hydrophobic compounds, the chips must be coated with 
a suitable hydrophobic coating (e.g. Teflon, paralyne) to prevent the hydrophobic compound 
from being adsorbed to the PDMS material.  
Microfluidic technology offers an attractive alternative to agar-based plate assays for 
studying chemotaxis of plant-parasitic nematodes. Our results demonstrate the direct benefits 
of microfluidic chips for testing a large number of nematodes, creating a controlled chemical 
gradient for long time periods, running concurrent, parallel experiments on the same chip, 
monitoring root-nematode interactions, and using semi-automated imaging and tracking tools 
during the experiments. The use of microfluidic chips paired with image capture tools can 
provide a wealth of information about nematode behavior. Increased adoption, improvements, 
and modifications of microfluidic chips to answer specific research questions may result in 
greater data granularity and faster screening of the chemotactic effects of chemicals and root 
exudates on plant-parasitic nematodes. 
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Table 1. Effect of different ionic solutions (500 mM) on chemotaxis of 
two plant-parasitic nematodes. Results of chemotaxis experiments at 24 
hours. A total of 9 to 12 replications were done for each ionic solution 
tested. For each species of nematode, the response was rated as either A 
= attracted, N = neutral response, R = repelled at the P = 0.05 level 
using a Student’s paired t-test. 
 
                         Meloidogyne incognita 
Ionic 
solution 
 
Replicates 
Total 
nematodes 
 
Outcome 
 
 P value 
Standard 
Error 
 
CaCl2 
MgCl2 
KCl 
NH4NO3 
KNO3 
ZnSO4 
Na2SO4 
water 
12 
10 
11 
12 
11 
10 
9 
23 
626 
496 
441 
768 
666 
515 
555 
1363 
R 
R 
R 
R 
R 
N 
N 
N 
 0.0007 
 0.0004 
<0.0001 
<0.0001 
  0.0002 
  0.1798 
 0.2435 
 0.9185 
7.79 
9.05 
6.08 
6.63 
7.36 
6.28 
4.46 
5.26 
 
 
       
                         Heterodera glycines 
Ionic 
solution 
 
Replicates 
Total 
nematodes 
 
Outcome 
 
P value 
Standard 
Error 
 
CaCl2 
MgCl2 
KCl 
NH4NO3 
KNO3 
ZnSO4 
Na2SO4 
water 
10 
10 
10 
9 
10 
9 
9 
23 
690 
483 
627 
473 
712 
561 
546 
1458 
 
R 
A 
N 
A 
A 
N 
N 
N 
 
0.0332 
0.0195 
0.6436 
0.0058 
<0.0001 
  0.5131 
  0.2157 
0.1634 
7.42 
7.79 
9.52 
5.83 
6.20 
0.05 
0.04 
0.06 
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Table 2. Effect of 3-day-old Heterodera glycines-susceptible (cv. Williams 82) and H. 
glycines-resistant (cv. Jack) soybean roots on chemotaxis on H. glycines juveniles. Results 
are for root chip experiments at 18 hours.  Effect of lane was determined by ANOVA at 18 
hours for each of the treatments. Data from the percentage of juveniles migrating to each side 
of the chip was then analyzed, and the response was rated as either A = attracted, N = neutral 
response, R = repelled at the P = 0.05 level using a Student’s paired t-test. 
Treatment Control Replicates 
(all lanes) 
Total 
nematodes 
P value 
for 
effect 
of lane 
Outcome 
(combined 
lanes) 
P value 
for 
paired t-
test 
Standard 
Error 
Susceptible water 16 502 0.8499 A 0.001 3.70 
Resistant water 16 573 0.4183 N 0.90 3.79 
Susceptible Resistant 16 576 0.9845 N 0.21 5.81 
Water water 16 524 0.9253 N 0.11 2.33 
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Fig. 1. Images of the chemical chip used for chemotaxis experiments. (A), Each lane 
comprised a nematode entry port, left and right resting chambers, left and right reservoirs and 
microscale filters connecting the reservoirs to the resting chambers. (B), Magnified image of 
the filters that permitted chemical diffusion but restricted the nematodes to the resting 
chambers. (C), Image of a whole chip comprising four parallel lanes and bonded to a glass 
slide. Scale bars in the images depict the relative sizes of the microfluidic chip. 
 
 
 
 
 
 
44 
 
 
 
 
 
Fig. 2. Diffusion of red and blue dye (A) and movement of Heterodera glycines second-stage 
juveniles in response to KNO3 versus water (B) in chemical chips at four time points after 
incubation at 25°C.  The diffusion of the dyes into the resting chambers of the lane over time 
is apparent in the images on the left. The colored circles represent H. glycines second-stage 
juveniles that moved toward (red) or away (blue) from the KNO3 or stayed in or near the 
entry ports (black) of the lane in the microfluidic chip in the images on the right. 
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Figure 3. Results after 24 hours from the chemical chip chemotaxis experiments using 
different ionic solutions (500 mM) on juveniles of Meloidogyne incognita and Heterodera 
glycines. Bars represent the percentage of total nematodes in each lane moving either towards 
or away from ionic solutions. Each bar represents pooled data from all runs (n = 9 to 23; 
Table 1). Asterisks indicate a significant difference between the percentage of attracted and 
repelled juveniles at P = 0.05 using a Student’s paired t-test. 
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Figure 4. Results from root chip experiments conducted on flatbed scanner measuring the 
effect of the presence of roots of 3-day-old soybean seedlings on Heterodera glycines 
chemotaxis. Each circle represents a single juvenile. Black circles represent juveniles in the 
center of the chip, while red and blue circles represent juveniles that have migrated to the left 
and right portions of the chip, respectively. 
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Figure 5. Chemotaxis of Heterodera glycines J2s in root chips with susceptible soybean 
(Williams 82) (A), resistant soybean (Jack) (B), susceptible versus resistant (C), and water 
only controls (D). Positive values represent greater movement to roots in A-B, to the 
susceptible soybean root in C, and to the right side of the water only control in D. Negative 
values represent greater movement to the water control in A-B, to the resistant soybean root 
in C, and to the left side of the water only control in D. Error bars represent the standard 
error of the mean (SEM) for each lane-hour combination. 
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Supplemental Fig. 1. Schematic of microfluidic chip with dimensions of all major 
components. 
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Abstract 
Successful management of the soybean cyst nematode, Heterodera glycines, is 
limited by increased virulence of nematode populations on resistant soybeans cultivars and 
persistence of the nematode in the soil in the absence of hosts. Seed treatments are now 
available for H. glycines management. However, it is unclear how these treatments affect 
specific life stages of the nematode. The objectives of this study were to assess the effects of 
ILeVO (with active ingredient fluopyram) and VOTiVO (with active ingredient Bacillus 
firmus I-1582) seed treatments on H. glycines reproduction and important processes in the 
nematode life cycle, such as second-stage juvenile (J2) hatching, motility, and root 
penetration. The effects of seeds treated with formulated (ILeVO and VOTiVO) and non-
formulated active ingredient (fluopyram and B. firmus I-1582) on H. glycines reproduction 
were conducted in a greenhouse. Nematode reproduction on plants grown from seeds treated 
with ILeVO was reduced by 35 to 97 percent depending on the initial H. glycines population 
density, with similar effects of fluopyram, suggesting that the fluopyram active ingredient 
was acting H. glycines directly, and not an inert ingredient in the see treatment formulation. 
Hatching, motility, and root penetration experiments were conducted with only the 
formulated seed treatments. Exudates collected from ILeVO-treated seeds reduced J2 
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hatching and motility by more than 95 percent in laboratory assays. And exudates from 
radicles grown from ILeVO-treated seeds reduced hatching in vitro by 48 percent in one run 
but had no effect in the second run, compared to the untreated control exudates. There also 
were no effects of radicle exudates, regardless of treatment, on the motility of the J2s. ILeVO 
reduced root penetration of H. glycines J2s at different inoculation densities in a growth 
chamber experiment. VOTiVO did not affect any of the processes or life stages of the 
nematode studied.  
Introduction 
The soybean cyst nematode, Heterodera glycines Ichinohe, is the most damaging 
pathogen of soybean (Glycine max (L.) Merr.) in the United States (Wrather et al. 2010). 
Growing non-host crops, such as maize (Zea mays L.), and soybean cultivars with resistance 
to the nematode can reduce H. glycines reproduction and soybean yield loss (Tylka et al. 
2015a). But these management tactics have limitations. Eggs of the nematode can persist in 
the soil for many years, meaning that yield-suppressing densities of H. glycines may be 
present even after non-host crops are grown several times in infested fields (Howard et al. 
1988). Additionally, the incidence of virulent populations of H. glycines capable of 
reproducing on soybean cultivars containing the commonly used PI 88788 source of 
resistance has increased in recent years (Mitchum et al. 2007; Niblack et al. 2008). Long-
term control of H. glycines requires incorporating additional management tactics along with 
non-host crops and resistant soybean cultivars into an integrated management plan. An added 
management option is nematicides, which can reduce H. glycines population densities and 
increase soybean yields (Epps et al. 1981; Sasser and Uzell 1991). The use of soil-applied 
nematicides often is not economical, and a number of the older products are no longer 
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available due to environmental concerns (Ristaino and Thomas 1997; United States EPA 
1993). The limitations of soil-applied nematicides have led to increased interest in 
developing seed treatments for H. glycines management.  
Nematode-protectant seed treatments contain active ingredients (ais) that protect 
against plant damage caused by plant-parasitic nematodes. The mode of action of these 
treatments varies; some affect nematodes directly whereas others protect plants indirectly via 
mechanisms like inducing plant defense responses. The advantages of using seed treatments 
over soil-applied pesticides includes reduced amounts of ai used per hectare, the ability to 
add multiple different treatments to the same seed (i.e. fungicides, nematicides, and 
insecticides), and reduced effects of the pesticides on non-target organisms (Munkvold et al. 
2014). The first published report of using seed treatments to control plant-parasitic 
nematodes was in 1960 (O’Bannon and Reynolds 1960). The ais in the seed treatments 
examined since the initial report have been both chemical (Gray and Soh 1989; Rodriguez-
Kabana et al. 1977) and biological (Oostendorp and Sikora 1989; Zuckerman et al. 1993). 
Only since 2006 has nematode-protectant seed treatments become available for row crops 
like maize, cotton (Gossypium hirsutum L.), and soybean. There are currently several seed 
treatment options for H. glycines management, with more expected to come in the near 
future. Two current options are ILeVO (fluopyram; Bayer CropScience, Inc.) and VOTiVO 
(Bacillus firmus I-1582; Bayer CropScience, Inc.).  
The performance of nematode-protectant seed treatments has been inconsistent in 
field studies, as measured by increased yields or decreased nematode reproduction (Barham 
et al. 2005; Tylka et al. 2015b; Wheeler et al. 2013). The variable performance may be 
attributable to varying environmental conditions (Wheeler et al. 2013) that are largely 
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unpredictable, making it difficult to forecast the potential economic return when using a seed 
treatment to manage plant-parasitic nematodes (Gaspar et al. 2014). It also is unclear how 
initial nematode population densities in the soil affect the performance of nematode-
protectant seed treatments.  
The effects of these treatments on the biology of H. glycines are not well understood. 
That is, it is unclear what life stages and processes of the nematode life cycle are affected by 
various nematode-protectant seed treatments and how long these treatments remain active. 
Determining how nematode-protectant seed treatments act on H. glycines and other plant-
parasitic nematodes will likely increase our ability to take advantage of this novel 
management tactic, potentially explain some of the field variability observed with these 
products, and direct future efforts to develop new seed treatments.   
The objectives of this study were to (i) assess the effects of ILeVO and VOTiVO seed 
treatments on reproduction of H. glycines under greenhouse conditions, (ii) determine the 
effect of seed and radicle exudates from treated seeds on second-stage juvenile (J2) hatching 
and motility, and (iii) determine the effect of the seed treatments on H. glycines J2 root 
penetration at different inoculation densities and incubation times. 
Materials and Methods 
Seed treatments and source of H. glycines inoculum: Soybean cultivars susceptible (cv. 
Williams 82) and resistant (cv. Jack, PI 88788) to H. glycines were treated by Bayer 
CropScience personnel (Research Triangle Park, North Carolina). Treatments included 
Bacillus firmus I-1582 and fluopyram as either the formulated product (VOTiVO or ILeVO) 
or the non-formulated ai alone. The non-formulated product contained only the ai with none 
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of the carriers or polymers typically found in formulated seed treatments. Seeds were treated 
with B. firmus I-1582 or fluopyram at the commercial rate of 5 million spores or 0.15 mg per 
seed, respectively. There were no colorants added to seeds treated with formulated or non-
formulated product. An HG Type 0 H. glycines population (Niblack et al. 2002) collected 
from an infested field (a Fruitfield coarse sand soil) in Muscatine, Iowa, was used for the 
experiments and was maintained in the greenhouse on susceptible soybean (cv. Williams 82).  
Greenhouse experiments: Two separate experiments were conducted in the greenhouse 
with different initial population densities of H. glycines. One experiment used the field soil 
described above, with a population density of 4,000 eggs/100 cm3 soil. In the other 
experiment, the field soil was diluted 1:3 with construction sand to create an initial H. 
glycines population density of 1,000 eggs/100 cm3 soil. The two soils will be referred to as 
undiluted field soil and diluted field soil hereafter.  
Both the formulated (VOTiVO and ILeVO) and non-formulated (B. firmus I-1582 
and fluopyram) seed treatments were tested. Experiments were set up as a complete factorial 
and arranged in a randomized complete block design. Factors were cultivar (Willliams 82 
and Jack) and seed treatment (VOTiVO, B. firmus I-1582, ILeVO, fluopyram, and untreated 
control). Seeds were planted in plastic cone-tainers (Stuewe and Sons, Inc., Tangent, OR) 
containing 150 cm3 soil. To regulate temperature, cone-tainers were placed in buckets filled 
with construction sand and incubated in a greenhouse water bath set to 27°C. Each bucket 
served as a block and contained all cultivar-seed treatment combinations. Plants were 
watered every two to three days. Thirty days after planting, H. glycines females were 
dislodged from roots using a stream of water and were collected on a 250-µm-pore sieve. 
Roots were dried in an oven at 70°C for at least 24 hours and their weights recorded. Females 
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were counted using a AZ100 Multizoom microscope (Nikon Corp., Tokyo, Japan) at 10X 
magnification before crushing them with a motorized rubber stopper (Faghihi and Ferris 
2000) to release the eggs, which were collected on a 25-µm-pore sieve. The eggs were 
stained with acid fuchsin (Niblack et al. 1993) and counted under the same microscope at 
20X magnification. Each of the two experiments contained seven replications of each 
cultivar-seed treatment combination, and each experiment was repeated once. 
Collection of seed and radicle exudates: Seed and radicle exudates were collected from 
treated (VOTiVO and ILeVO) and untreated, susceptible soybean seeds (cv. Williams 82) for 
J2 hatching and motility experiments. A method adapted from other studies using seed and 
radicle exudates was used (Riga et al. 2005; Zhao et al. 2000). The previously published 
methods collected seed or radicle exudates in sterile water at room temperature. In our 
studies, exudates were collected by placing seeds in a 50-mL beaker with a ratio of one seed 
per five mLs of sterile, distilled water. Radicle exudates were collected similarly by 
germinating seeds on 1.5 percent water agar for three days at 25°C and then placing the 
radicles (5 to 7 cm in length) of intact seedlings in a 50-mL beaker with a ratio of one radicle 
per 5 mLs of sterile water. The seed and seed coat were suspended on cheesecloth and did 
not touch the water during radicle exudate collection. The beakers were agitated on a 
platform shaker for one hour at 100 rpm at room temperature (approximately 23°C), and 
exudates were filtered through 30-µm-pore nylon mesh after collection to remove debris. To 
compare the effects of exudate sterility on H. glycines in the J2 hatching and juvenile motility 
experiments, half of the exudates were filter sterilized by passing the solutions through a 
0.22-µm-pore filter. The filtering was done primarily to determine if the presence or absence 
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of B. firmus I-1582 cells in the VOTiVO exudates affected hatching. All exudates were 
stored at 4°C and used within a week of collection. 
Hatching experiments: Heterodera glycines females and cysts (dead females) were 
collected from 4- to 8-week-old H. glycines-infected soybeans (cv. Williams 82) by 
dislodging the nematodes from roots using a stream of water and collecting them on a 250-
µm-pore sieve. The females and cysts were crushed with a motorized rubber stopper as 
described previously, and eggs inside of the females and cysts were collected on a 25-µm-
pore sieve. Eggs were further separated from soil debris using sucrose centrifugation (Jenkins 
1964) and rinsed three times with sterile, distilled water before use in hatch studies.  
The effects of seed and radicle exudates were studied in separate hatching 
experiments. Sterile, distilled water and 5 mM zinc sulfate served as negative and positive 
controls, respectively (Tefft and Bone 1984), in both experiments. The experiments were set 
up in a factorial design and included the factors sterility and exudate. Each experimental unit 
consisted of an average of 230 H. glycines eggs on a 30-µm-pore microsieve constructed 
from nylon mesh (Elko Filtering Co., Switzerland) and plastic test tube caps (Wong et al. 
1993). The sieves containing the eggs were incubated in three mLs of exudates in 3-cm-dia 
Petri dishes. The hatching experiments were set up inside of an incubator at 25°C. Second-
stage juveniles (J2s) that hatched and migrated down through the sieves into the liquid in the 
bottom of the dishes were counted at 3, 7, and 14 days under a microscope at 20X 
magnification, and microsieves were transferred to Petri dishes with fresh solutions at 3 and 
7 days. Eggs remaining on microsieves were counted at day 14. Cumulative percent hatch 
was determined by dividing the number of hatched juveniles by the number of hatched 
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juveniles plus the remaining unhatched eggs and then multiplying by 100. There were four 
replications of each seed treatment-sterility combination and the two controls (sterile water 
and 5 mM ZnSO4), and the experiments were each repeated once. 
Motility experiments: The effects of seed and radicle exudates on H. glycines J2 motility 
were tested in separate experiments. The experiments were set up in a factorial design. 
Sterile, distilled water served as a negative control. Factors were sterility (water control was 
sterile only) and seed or radicle exudates. An average of 52 J2s that were hatched in sterile, 
distilled water within 48 hours were incubated in 500 µl of treatment solution in a 1-cm-
diameter watch glass. The experiments were set up in an incubator at 25°C. The J2s were 
visually rated as motile or non-motile after 2 and 24 hours of incubation in treatment 
solutions using a microscope at 20X magnification. A J2 was considered non-motile if it did 
not move after being touched with a thin wire probe (Faske and Starr 2007; Schroeder and 
MacGuidwin 2010). There were four replications of each seed treatment-sterility 
combination and the sterile water control, and the experiments were repeated once.  
Root penetration experiment: The experiment was conducted in a growth chamber (16:8 
hour light:darkness, 25°C) using H. glycines-susceptible soybeans (cv. Williams 82) that 
were grown from seeds that were untreated or treated with formulated seed treatments 
(VOTiVO and ILeVO). A complete factorial treatment arrangement and a randomized 
complete block design were used in this experiment. Factors included seed treatment, 
inoculation density, and incubation time. Seeds were planted in a pasteurized, 2:1 sand:soil 
mixture in cone-tainers placed in buckets filled with construction sand. A sand-filled bucket 
containing a cone with each of the twelve treatment, inoculation-density, incubation-time 
combinations served as a block. Five days after planting, seedlings were inoculated with 
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either 100 or 500 J2s (hatched in water within three days) by placing 500 µl of J2 in a water 
suspension into 3-cm-deep holes located one cm from the base of the seedling. Soybeans 
inoculated with H. glycines J2s were incubated for one or three days before being carefully 
washed and stained with acid fuchsin (Byrd et al. 1983). Roots were examined under the 
microscope (20X magnification), and J2s that had penetrated roots were counted. There were 
five replications of each seed treatment, inoculation-density, incubation-time combination, 
and the experiment was repeated once. 
Statistical analyses: Statistical analyses were conducted in SAS (Version 9.4; SAS Institute, 
Inc., Cary, NC) using PROC GLIMMIX. An analysis of variance (ANOVA) was conducted 
for each experiment, and main and interactive effects were analyzed for significance. The 
control solutions (water and ZnSO4 for the hatching experiments and water for the motility 
experiments) were not included with the exudate solutions in the initial two-factor analyses 
for the hatching and motility experiments because the control solutions were sterile only (and 
thus the sterility factor could not be tested with the control solutions). If the sterility factor 
was not significant, the data from the sterile and non-sterile exudates were combined for 
analysis with the additional sterile control solutions as a single factor experiment with 
unbalanced numbers of replications. Data from one and three days after inoculation (DAI) 
staining times were analyzed separately in the root penetration experiment. For all 
experiments, the separation of treatment means was done using Tukey’s honest-significant-
difference test (α = 0.05).  
Results 
Greenhouse experiments: The experiments with undiluted (4,000 eggs/100 cm3 soil) and 
diluted (1,000 eggs/ 100 cm3 soil) field soil were conducted at different times and analyzed as 
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separate experiments. There was a significant interactive effect of seed treatment and cultivar 
for the majority of the response variables measured (females per root, eggs per root, root 
weight, eggs per gram root, and females per gram root), so data from each cultivar were 
analyzed separately.  
For the experiment in which undiluted field soil (4,000 H. glycines eggs/100 cm3 soil) 
was used, the seed treatment factor significantly affected three of the five measured variables 
in the susceptible cultivar (Table 1). In contrast, no variables were significantly affected by 
seed treatment in the resistant cultivar, Jack. The roots of susceptible soybeans grown from 
seed treated with ILeVO had 35 percent few females relative to the untreated control (Table 
1). There was no significant difference between the non-formulated fluopyram and the 
untreated control in terms of the number of females. However, both ILeVO and fluopyram 
reduced the number of eggs per root compared with the untreated control. Also, formulated 
ILeVO and non-formulated fluopyram significantly lowered root weights compared to the 
untreated control in the susceptible cultivar, but not the resistant cultivar. There was no 
significant difference between the untreated control and VOTiVO (formulated B. firmus I-
1582) or non-formulated B. firmus I-1582 seed treatments for nematode reproduction or root 
weights in either cultivar (Table 1).  
 In the greenhouse experiment conducted with diluted field soil (1,000 H. glycines 
eggs/100 cm3 soil), there were significant differences due to the ILeVO seed treatment in 
both susceptible and resistant cultivars (Table 2). The roots of susceptible soybeans grown 
from seed treated with ILeVO (formulated fluopyram) and non-formulated fluopyram had 96 
and 91 percent fewer females, respectively, compared to the untreated control, and there was 
a similar trend for eggs per root. ILeVO also reduced females per root in resistant soybeans 
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by 75 percent compared to the untreated control, but the number of females per root on plants 
grown from seeds treated with technical fluopyram was not significantly different from the 
untreated control. Both ILeVO and fluopyram significantly reduced the number of eggs per 
root by roughly 50 percent. There were reduced root weights for both cultivars tested with 
ILeVO and non-formulated fluopyram. Even with reduced root weights, fluopyram seed 
treatments significantly reduced the number of females and eggs per gram of root by more 
than 90 percent in the susceptible cultivar. However, ILeVO reduced only the number of 
females per gram root in the resistant cultivar, and there were no significant effects of 
fluopyram on females or eggs per gram root in the resistant cultivar. There was no effect of 
VOTiVO or B. firmus I-1582 seed treatments relative to the untreated control on any of the 
variables measured for either cultivar (Table 2). 
Hatching experiments: There was no significant difference in hatching between sterile and 
non-sterile seed or radicle exudates (data not shown), so data from sterile, non-sterile 
exudates were combined, and the control solutions then were analyzed with the exudates. 
Both seed and radicle exudates had a significant effect on H. glycines hatching. There was no 
effect of exudates collected from VOTiVO-treated seeds on hatching, but exudates from 
ILeVO-treated seeds significantly reduced hatching by 98 percent compared to hatching in 
exudates from untreated seed (Fig. 1A). Regardless of treatment, seed exudates did not 
significantly stimulate hatching compared to the water control (Fig. 1A).  
There was a significant interaction between the effects of seed treatment and 
experimental run with radicle exudates, so data from the two runs were analyzed separately. 
Overall, hatching of H. glycines in radicle exudates and controls was higher in the first run 
compared to the second run. Radicles grown from VOTiVO-treated seed did not significantly 
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affect hatching, relative to the untreated control, in either run. In the first run, ILeVO radicle 
exudates reduced nematode hatching by 48 percent compared with the untreated control, but 
this did not occur in the second run. Also, exudates from radicles across all treatments 
significantly stimulated hatching relative to the water control in the first run, but not in the 
second (Fig. 1B).  
Motility experiments: There was no significant difference in motility of J2s between sterile 
and non-sterile seed or radicle exudates (data not shown), so the data were combined and the 
water control was added for analysis for both sets of experiments. Seed and radicle exudates 
did not stimulate J2 motility relative to the water control (Fig. 2). Exudates from seeds 
treated with ILeVO significantly reduced J2 motility by 85 and 98 percent after two and 
twenty-four hours of incubation, respectively, compared to the untreated control (Fig. 2A).  
In contrast, exudates collected from seeds treated with VOTiVO did not affect J2 motility 
(Fig. 2A). Motility of H. glycines J2s incubated in ILeVO, VOTiVO, or untreated radicle 
exudates were no different from each other or the water control (Fig. 2B).   
Root penetration experiment: Half of the soybean roots were stained and the J2s were 
counted one day after inoculation (DAI) and the remaining roots were stained and counted 3 
DAI. Data from the two time points were analyzed separately. There also was a significant 
interactive effect between seed treatment and H. glycines inoculation density for both time 
points, so the two inoculation density treatments were analyzed separately (data not shown). 
At one DAI, there was no significant difference in root penetration detected between ILeVO 
and VOTiVO and the untreated control at the lower (100 J2/plant) inoculation density, but a 
significant, 79 percent decrease in the number of J2 infecting roots in the ILeVO treatment 
compared to the untreated control for the higher (500 J2/plant) inoculation density (Fig. 3A). 
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At three DAI, there were 61 and 79 percent fewer penetrated J2 in the ILeVO treatment at the 
lower and higher inoculation density, respectively, compared to the untreated control (Fig. 
3B). There was no significant effect of VOTiVO on H. glycines J2 root penetration compared 
to the untreated control or ILeVO at any inoculation density or time point (Fig. 3).  
Discussion 
ILeVO significantly reduced H. glycines reproduction, hatching, motility, and root 
penetration. In the greenhouse experiments, non-formulated seed treatments containing only 
the ai without the inert ingredients found in formulated seed treatments were tested along 
with formulated products. Because soybeans are typically treated with multiple products 
(fungicides, insecticides, nematicides), it is important to note that in our study the seeds were 
only treated with the nematode product. ILeVO (formulated fluopyram) and non-formulated 
fluopyram performed similarly in both sets of greenhouse experiments. Both ILeVO and 
non-formulated fluopyram reduced the number of females and eggs per root in our 
experiments, particularly on the susceptible cultivar. Our results also suggest that initial 
nematode population density is an important factor to consider when evaluating seed 
treatments. It is unclear why ILeVO reduced H. glycines more at a lower initial nematode 
population density compared to a higher nematode population density. One possibility is that 
the amount of fluopyram applied to the seed was not enough to act on a critical number of 
nematodes at high H. glycines population densities. Also, it is possible that the increased 
sand content of the soil (used to dilute the field soil in our experiments) allowed for greater 
movement of the fluopyram or affected the efficacy of fluopyram in some other way. 
Additional studies examining the interaction between seed treatments, high nematode 
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population densities, and soil texture are needed to better understand the effects of these 
factors. 
ILeVO reduced root weights in the different greenhouse experiments. Roots grown 
from seeds treated with fluopyram (non-formulated ILeVO) had similar weights to ILeVO, 
but were not statistically different from the untreated control. The reductions that were 
detected were in 30-day greenhouse experiments and were possibly associated with the 
phytotoxic effects of fluopyram, which are reported to not result in long-term stunting or 
yield loss in one study (Wise et al. 2015). We did not conduct experiments for longer periods 
of time to determine if the reduced root weights would have persisted.  
 Exudates collected from seed treated with ILeVO inhibited both H. glycines hatching 
and motility as much as 98 percent. Exudates collected from radicles grown from ILeVO-
treated seed reduced hatching in one experimental run and did not affect motility of the J2s. 
These results suggest that fluopyram is possibly most concentrated around the seed, and a 
small amount moves either on or through the emerging radicle. Therefore, nematodes near 
the seed would likely be the most affected by the fluopyram seed treatment. However, 
movement of fluopyram from the seed would presumably be downward through the soil, 
possibly explaining why we observed reduced H. glycines root penetration in soybeans 
grown from ILeVO-treated seeds.  
Fluopyram belongs to the family of systemic fungicides known as the succinate-
dehydrogenase inhibitors (SDHI) and is used to control fungal diseases in a number of crops 
(Ishii et al. 2011; Vitale et al. 2016). Formulated as ILeVO, it is one of the few labeled seed 
treatments with activity on the causal pathogen of soybean sudden death syndrome, 
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Fusarium virguliforme (Kandel et al. 2016). Interestingly, research in the last few years has 
documented nematicidal or nematistatic properties of fluopyram (Broeksma et al. 2014; 
Faske and Hurd 2015). Zaworski (2014) found ILeVO reduced H. glycines reproduction 
under greenhouse conditions in some experiments, but not in others. Additionally, Faske and 
Hurd (2015) reported that fluopyram inhibited motility of Meloidogyne incognita and 
Rotylenchulus reniformis, but that the inhibition was largely reversible after rinsing the 
nematodes with water, suggesting a nematistatic effect. Faske and Hurd (2015) also reported 
that brief exposure of both nematode species to fluopyram resulted in reduced root infection 
of tomato. Our results suggest that the effects of ILeVO on H. glycines are similar to the 
product’s effects on M. incognita and R. reniformis.  
To date, there have been few published field studies examining the effect of ILeVO 
on H. glycines or other plant-parasitic nematodes. ILeVO suppressed SDS symptoms and 
increased soybean yields in multi-state field studies, but the effect of the seed treatment on H. 
glycines was not studied (Kandel et al. 2016). A recent field trial evaluating the effect of 
ILeVO on M. incognita found no effect of the seed treatment on nematode population 
densities or soybean yield (Hurd et al. 2015). However, additional studies across diverse 
environments are needed to better determine the effect of ILeVO on H. glycines.  
Our experiments demonstrate that ILeVO has activity on H. glycines, but the limited 
time and spatial conditions of our experiments may have produced effects that are not 
completely transferable under field conditions. For example, the cone-tainers used in the 
greenhouse and root penetration experiments could restrict the fluopyram in the root zone in 
a way that would provide for greater root protection than would occur in the field. It is 
possible for a compound to show strong activity against a plant-parasitic nematode under 
64 
 
 
 
controlled conditions, yet provide little or inconsistent protection in the field. For example, 
abamectin was reported to be nematicidal for M. incognita and R. reniformis at 
concentrations as low as 1 μg/ml in laboratory experiments (Faske and Starr 2006), but the 
same compound did not reduce plant-parasitic nematode symptoms on cotton roots (Faske 
and Starr 2007) or increase yields when used as a seed treatment (Faske 2006).  
We observed no consistent effects of VOTiVO on H. glycines in any of the 
experiments conducted. Bacillus firmus I-1582 (the ai of VOTiVO) reportedly colonizes 
growing root tissue and provides a barrier between nematodes and roots. Schrimsher (2013) 
reported a reduction in H. glycines J2 hatching and motility when exposed to cells of B. 
firmus I-1582 in vitro. Additional split-root experiments suggested the bacteria induces 
systemic resistance in the plant. The bacterium reduced R. reniformis reproduction on cotton, 
but only at higher rates of B. firmus (Castillo et al. 2013). In contrast, a number of field trials 
have reported no effect of VOTiVO on yields or on population densities of a number of 
different species of plant-parasitic nematodes (Jackson and Behn 2010; Land et al. 2013; 
Musil et al. 2014). The inconsistency in the nematode-protectant properties of VOTiVO may 
be due to several factors, including competition from other soil microbes, less-than-optimal 
environmental conditions (such as soil pH or moisture), or experimental design. Our 
experiments used only seed-applied VOTiVO and were limited to early soybean growth. 
Sterility did not alter the performance of VOTiVO seed and radicle exudates in the hatching 
and motility experiments, indicating that the lack of activity was not due to the presence or 
absence of B. firmus I-1582 cells. Additional experiments for longer periods of time or 
altered environmental conditions could provide a clearer picture of how and when VOTiVO 
provides nematode protection.  
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There are a few important considerations to be made regarding our methods and 
results in the hatching and motility experiments. First, ILeVO radicle exudates reduced 
hatching modestly in one experimental run and not in another. In addition, radicle exudates 
stimulated hatching compared to the water in only one run, and the overall rate of hatching in 
the second run was much higher than the first. The variability associated with the radicle 
exudate hatching experiment may be potentially explained by the effects of environmental 
conditions of the soybeans grown to produce H. glycines. Hominick et al. (1985) found 
considerable variation in the response of the potato cyst nematode, Globodera rostochiensis, 
to potato root exudates and attributed these effects to environmental conditions, such as 
photoperiod, during development of the nematodes on the plants. Stimulation of H. glycines 
hatch in response to soybean exudates also has been reported to be variable across 
experimental runs (Charlson et al. 2008). Because we repeated experiments over time, the H. 
glycines eggs used in our studies were from soybeans grown under greenhouse conditions at 
different times of the year. It is possible our inconsistent results are due to environmental 
variability in the greenhouse we used to culture H. glycines. Although we observed 
variability in the radicle exudate studies, the effects of ILeVO seed exudates on H. glycines 
was highly consistent across runs.  
Secondly, our motility studies relied on an older technique using a wire probe to 
assess motility of individual J2s. However, assessing response of nematodes to drops of 
NaOH or Na2CO3 has been reported to be a more accurate method of assessing immobility of 
nematode (Chen and Dickson 2000; Xiang and Lawrence 2016). It is possible that the 
immobilized nematodes we observed in the ILeVO seed exudate would still respond to 
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NaOH or Na2CO3. Thus, it is important to note that the immobilization of J2s in ILeVO seed 
exudates in our study may not necessarily indicate nematode mortality.  
Although seed treatments likely cannot provide season-long protection against 
nematodes, decreases in nematode infection and reproduction in early seedling development 
have been associated with increased yields and reduced plant damage. For example, Huang 
and Ploeg (2001) found that delaying Longidorus africanus infestation by ten days resulted 
in increased biomass in both lettuce and carrot. Additionally, Shane and Barker (1986) found 
that older soybeans are less sensitive in M. incognita infection than young ones. These 
studies suggest that there is potential for decreased nematode population densities if seed 
treatments can temporarily reduce or eliminate H. glycines infection in young soybean plants. 
However, the effects and interactions among nematode population densities, environment, 
and other pathogens may hinder efforts to provide a consistent benefit of seed treatments to 
soybean growers. Additional studies examining the effects of VOTiVO, ILeVO, and other 
seed treatments in the field and on the biology of H. glycines are necessary for advancement 
of this management tool. 
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Table 1. Reproduction of Heterodera glycines on soybeans after thirty days using field soil 
(4,000 eggs/100 cm3 soil).  
Cultivar Treatment 
Females 
per root 
Eggs per 
root 
Root 
weight 
(g) 
Females 
per g 
root 
Eggs 
per g 
root 
Williams 82 VOTiVO 476 a 106,973 a 0.46 a 1,122 a 261,388 a 
(susceptible) B. firmus  376 abc 84,100 ab 0.41 ab 1,063 a 249,367 a 
 ILeVO    263 c 51,214 c  0.31 bc 1,043 a 205,943 a 
 fluopyram   286  bc 62,659  bc 0.32 c 1,127 a 260,099 a 
 untreated 404 ab 93,432 a 0.46 a 1,020 a 245,142 a 
Jack VOTiVO 47 a 6,558 a 0.38 a 143 a 22,529 a 
(resistant) B. firmus 40 a 7,573 a 0.36 a 130 a 22,272 a 
 ILeVO 36 a 4,901 a 0.33 a 112 a 15,108 a 
 fluopyram 34 a 6,100 a 0.37 a 90 a 16,062 a 
 untreated 38 a 5,593 a 0.38 a 102 a 14,838 a 
Values are least-squared means of fourteen replications over two experimental runs. The two soybean cultivars 
tested were analyzed separately. Different letters in the same column for each cultivar represent significant 
differences according to Tukey’s honest-significant-difference test (α = 0.05). 
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Table 2. Reproduction of Heterodera glycines on soybeans after thirty days using a diluted 
field soil (1,000 eggs/100 cm3 soil).  
Cultivar Treatment 
Females 
per root 
Eggs per 
root 
Root 
weight 
(g) 
Females 
per g 
root 
Eggs 
per g 
root 
Williams 82 VOTiVO 200 a 53,664 a 0.24 ab 821 a 218,543 a 
(susceptible) B. firmus 209 a 58,300 a 0.28 a 767 a 212,784 a 
 ILeVO 7 b 1,414 b 0.22 b 32 b 6,759 b 
 fluopyram 18 b 4,579 b  0.23 ab 94 b 24,006 b 
 untreated 199 a 49,250 a 0.29 a 753 a 183,385 a 
Jack VOTiVO 9 ab 1,543 a 0.26 ab 35 a 6,172 a 
(resistant) B. firmus 12 a 1,907 a 0.27 a 42 a 6,856 a 
 ILeVO 2 c 579 b  0.21 b 7 b 2,636 b 
 fluopyram 3 bc 593 b 0.23 ab 15 ab 2,668 b 
 untreated    8 abc 1,171 a 0.25 b 35 a 4,841 ab 
Values are least-squared means of fourteen replications over two experimental runs. The two soybean cultivars 
tested were analyzed separately. Different letters in the same column for each cultivar represent significant 
differences according to Tukey’s honest-significant-difference test (α = 0.05). 
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Figure 1. Effect of seed (A) and radicle (B) exudates on cumulative percent hatching of 
Heterodera glycines juveniles (mean ± standard error of the mean) over fourteen days. There 
were sixteen replications for seed exudates over two runs, and eight replications per run for 
the radicle exudates. There were eight replications for control solutions, for in each of the 
two runs. Bars of the same color with different letters are significantly different from one 
another according to Tukey’s honest-significant-difference test (α = 0.05). 
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Figure 2. Effect of seed (A) and radicle (B) exudates on motility of Heterodera glycines 
juveniles (mean ± standard error of the mean) after two and twenty-four hours of exposure. 
There were sixteen replications for the exudates and eight replications for the water-only 
control solution over two runs. Bars of the same color with different letters are significantly 
different from one another according to Tukey’s honest-significant-difference test (α = 0.05) 
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Figure 3. Effect of seed treatments on root penetration of Heterodera glycines juveniles 
(mean ± standard error of the mean) at one (A) and three (B) days after inoculation. There 
were ten replications for each treatment over two runs. Bars of the same color with different 
letters are significantly different from one another according to Tukey’s honest-significant-
difference test (α = 0.05). 
76 
 
 
 
CHAPTER 4. THE EFFECTS OF SEED TREATMENTS ON ROOT PENETRATION 
AND BEHAVIOR OF THE SOYBEAN CYST NEMATODE, HETERODERA 
GLYCINES 
A paper to be submitted to the journal Plant Disease 
Augustine Q. Beeman, Zach L. Njus, Santosh Pandey, and Gregory L. Tylka 
Abstract 
The objective of this study was to determine the effects of ILeVO (fluopyram) and 
VOTiVO (Bacillus firmus I-1582) seed treatments on Heterodera glycines second-stage 
juvenile (J2) root penetration and behavior. In a growth chamber experiment, roots of 
soybeans grown from treated or untreated seeds were inoculated with H. glycines J2s at soil 
depths of 2.5, 5, or 7.5 cm. ILeVO significantly reduced H. glycines root penetration, 
compared to the untreated control, but only when J2s were inoculated at a soil depth of 2.5 
cm. Changes in nematode behavior were assessed by collecting 60-second videos of J2s after 
two hours of exposure to seed treatment exudates (seed or radicle) or soil leachates. A 
custom software program assigned 13 points down the length of the body of each nematode, 
and the x- and y-coordinates of each of the points were recorded every hour for twenty-four 
hours. Another custom program analyzed and transformed the coordinates into nematode 
motion parameters (speed and total change in curvature). ILeVO seed exudates significantly 
reduced J2 speed relative to the untreated control. However, ILeVO and VOTiVO radicle 
exudates did not affect J2 speed or total change in curvature. Soil leachates from ILeVO or 
VOTiVO treatments had no consistent effect on H. glycines speed or total change in 
curvature compared to the untreated control. In another experiment, treated or untreated 
seeds were incubated in wells containing 11.5 percent Pluronic gel. Seeds were removed 
after two hours and approximately 50 J2s then were pipetted in each well. The well plates 
were scanned every 60 minutes for 24 hours, and the number of J2s in each well that moved 
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a critical threshold distance (≥ 300 µm) was determined using another custom software 
program. ILeVO, but not VOTiVO, significantly reduced the movement of J2 populations 
relative to the untreated control. And wells that had seeds, treated or not, yielded 
significantly less J2 movement compared with the no-seed control. The results of these 
experiments indicate that ILeVO has activity on H. glycines, but the compound may not 
move through the soil or on roots in sufficient quantities to affect nematode root penetration 
or behavioral parameters beyond a limited area surrounding the treated seed. 
Introduction 
The soybean cyst nematode, Heterodera glycines Ichinohe, is the most damaging 
pathogen of soybean, Glycine max (L.) Merr., in the United States (Wrather et al. 2010). Host 
resistance and growing non-host crops in rotation with soybeans have been the principal H. 
glycines management strategies for decades (Niblack et al. 2006). However, both 
management options have limitations. Heterodera glycines eggs can survive for a decade or 
more in soil without a host (Inagaki and Tsutsumi 1971), thus non-host crop rotations seldom 
eliminate established infestations. And H. glycines populations capable of reproducing on 
soybeans containing the most common source of resistance, PI 88788, have become more 
prevalent in recent years (Mitchum et al. 2007; Niblack et al. 2008). These issues have stirred 
interest in alternative management strategies, including using nematode-protectant seed 
treatments. 
Seed treatment is a method where seeds are coated with formulated products 
containing active ingredients (AIs) designed to protect young plants against pests and 
diseases (Munkvold et al. 2014). Seed treatment options for soybeans include products with 
AIs that target fungi, oomycetes, insects, and nematodes. Although nematode-protectant seed 
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treatments have been studied since at least 1960 (O’Bannon and Reynolds 1960), they only 
have been available for soybeans since the mid-2000s. Both chemical nematicides and 
antagonistic microorganisms have been developed into commercially available seed 
treatments. There are currently several seed treatments for H. glycines control on the market, 
and a number of new products are expected in the near future.  
Seed treatments are a promising management tool for H. glycines and other plant-
parasitic nematodes because the products deliver ais directly to the seed and root zones, 
reducing the total amount of ai used per hectare, relative to other soil application methods 
(Munkvold et al. 2014). However, the performance of nematode-protectant seed treatments, 
as measured by increased crop yields or reduced nematode reproduction, has been 
inconsistent in field trials (Gaspar et al. 2014; Wheeler et al. 2013). One possible explanation 
for observed performance variability include seed treatment interactions with the 
environment (Wheeler et al. 2013). 
VOTiVO (AI Bacillus firmus I-1582; Bayer CropScience, Inc.) and ILeVO (AI 
fluopyram; Bayer CropScience, Inc.) are two seed treatment products that contain active 
ingredients with documented effects on plant-parasitic nematodes. Bacillus firmus I-1582 
stimulates plant defenses and inhibits H. glycines hatching and motility (Schrimsher 2013). 
Fluopyram is both fungicidal (Avenot and Michailides 2010) and nematistatic (Faske and 
Hurd 2015) and targets both H. glycines and the causal pathogen of soybean sudden death 
syndrome, Fusarium virguliforme (Kandel et al. 2016; Zaworski 2014). Our understanding of 
the effects of both AIs on H. glycines as formulated seed treatments are limited. For example, 
it is unclear how much AI of either product affects nematodes in different parts of the soil 
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profile or if the AIs move reliably on or through the roots in quantities sufficient for 
nematode control in different sections of the root.  
The objectives of this research were to examine i) root protection conferred by 
ILeVO and VOTiVO at different soil depths, ii) the effects of exudates (seed and radicle) and 
soil leachates on H. glycines motion, and iii) the effects of treated seeds on movement of J2 
populations.   
Materials and Methods 
Seed treatments and source of H. glycines inoculum. Seeds of an H. glycines-susceptible 
soybean cultivar (cv. Williams 82) were treated by Bayer CropScience personnel (Research 
Triangle Park, NC) at commercial rates of active ingredient: 0.15 mg fluopyram/seed for 
ILeVO and 5×106 B. firmus spores/seed for VOTiVO. The population of H. glycines used in 
this study was from field soil (Fruitfield coarse sand) collected in Muscatine, Iowa. The H. 
glycines population was determined to be HG type 2.5.7 (Niblack et al. 2002). The 
nematodes subsequently were cultured on H. glycines-susceptible soybean (cv. Williams 82) 
under greenhouse conditions. Females and cysts (dead females) were collected from four- to 
eight-week-old H. glycines-infected soybeans by dislodging the nematodes on the surface of 
the roots with a stream of water, and collecting the nematodes and any soil and root debris on 
a 250-µm-pore sieve. Females and cysts then were crushed with a motorized rubber stopper 
to release the eggs (Faghihi and Ferris 2000), and the H. glycines eggs were separated from 
the debris using sucrose centrifugation (Jenkins 1964). Microsieves (30-µm pore) were 
constructed from nylon mesh (Elko Filtering Co., Switzerland) and test tube caps (Wong et 
al. 1993). Eggs were pipetted on the microsieves and incubated in a dish of sterile water at 
25°C. Second-stage juveniles (J2s) that hatched and moved through the sieve and into the 
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dish within three days were used for all experiments. Prior to experimental setup, the J2s 
were pipetted on another clean microsieve in a dish of sterile water, and only the nematodes 
that moved through the sieves and into the dish within a few hours were used for 
experiments.  
Root penetration experiment. The bottom of conical 50-ml centrifuge tubes (Thermo Fisher 
Scientific Inc., Waltham, MA) were removed with a saw. Holes were drilled down the length 
of the tubes with a power drill. The capped tubes then were inverted and filled with a 
pasteurized, 2:1 sand:soil mixture (pH 7.6, organic matter 3.9 percent). The experiment was a 
two-factor factorial with three levels of seed treatment (ILeVO, VOTiVO, and untreated) and 
three levels of inoculation depth (2.5, 5, and 7.5 cm). Treated (ILeVO and VOTiVO) and 
untreated soybeans were planted approximately 2.5 cm deep, one seed per tube. The tubes 
were arranged in a growth chamber (25°C, 16-hour photoperiod) in a randomized complete 
block design with four replications per experimental run. The soybeans were watered daily 
for five days before H. glycines inoculation. Roots of soybeans were inoculated with 
approximately 300 J2s at a depth of 2.5, 5, or 7.5 cm by pipetting nematodes in one of the 
holes drilled down the length of the tube. Two days after inoculation, the J2s that had 
penetrated the soybean roots were extracted in a multi-step process. First, the roots were cut 
into 1- to 2-cm pieces and homogenized using a Farberware kitchen blender (Meyer Corp., 
Vallejo, CA) for approximately thirty seconds (de Boer et al. 1999). The homogenate then 
was poured over a 250-µm-pore sieve on top of a 25-µm-pore sieve, and a motorized rubber 
stopper was used to grind any remaining root fragments (Faghihi and Ferris 2000). The J2s 
were collected on the 25-µm-pore sieve, and quantified visually using a Nikon AZ100 
81 
 
 
 
microscope (Nikon Instruments Inc., Tokyo, Japan) at 20X magnification. The experiment 
was repeated once. 
Seed and radicle exudate collection. Seed and radicle exudates were collected using the 
method reported by Beeman and Tylka (2015). Seeds were incubated in sterile water at a 
ratio of one seed per five ml water for one hour on a platform shaker (100 rpm). Radicle 
exudates were collected similarly; first seeds were germinated on 1.5 percent water agar, and 
radicles (5 to 7 cm length) of intact, three-day-old soybean seedlings were incubated on a 
platform shaker for one hour in sterile water at a ratio of one radicle per five ml water. 
During radicle exudate collection, the shoots of the seedlings (including the seed coat) were 
suspended on cheesecloth and were not in contact with the sterile water. All exudates were 
poured over 30-µm-pore nylon mesh to remove debris and stored at approximately 4°C 
before experimental setup. 
Soil leachate collection. Microsieves (30-µm pore, 2 cm height and 2 cm diameter) were 
filled with the pasteurized, 2:1 sand:soil mixture described previously and watered to 
approximate field capacity (2.5 ml). Treated (VOTiVO and ILeVO) and untreated seeds (cv. 
Williams 82) were planted in the microsieves at a ratio of one seed per microsieve and 
incubated at 25°C for 24 hours. Another 2.5 ml of sterile water then was added to the 
microsieves, and the leachates escaping from the bottom of the microsieves were collected in 
wells of 6-well tissue culture plates (Corning Inc., Corning, NY). Solutions collected from 
microsieves with no seeds, referred hereafter as the blank, and sterile water served as 
controls. Each soil leachate treatment had three replications that subsequently were pooled. 
The leachates then were centrifuged at 2200xG for two minutes to remove soil debris, and 
the supernatant stored at approximately 4°C before experimental setup.  
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Effect of exudates and leachates on H. glycines motion. Exudates (seed and radicle) and 
soil leachates were tested in separate experiments. Heterodera glycines J2s were pipetted in 
1.5 ml centrifuge tubes containing treatment compounds for two hours (25°C). The J2s then 
were rinsed three times with sterile water. Nematode suspensions from the different 
treatments were pipetted (10 to 15 μl) on glass slides with a coverslip, and imaged with a 
QICAM 12-bit Color Fast 1394 camera (Ziosoft Inc., Tokyo, Japan) connected to a Leica 
M205-C microscope (Leica Microsystems Inc., Buffalo Grove, IL) at 63X magnification 
with overhead lighting. Each nematode was imaged for one minute with a rate of 10 frames 
per second. In both experiments, water served as a positive control and heat-killed nematodes 
as a negative control. The videos were processed using two custom software programs 
written in MATLAB (MathWorks Inc., Natick, MA) to measure changes in nematode 
behavior (Jensen et al. 2016). Briefly, the software assigned 13 tracking points along the 
length of a nematode body and recorded the x- and y-coordinates of each point. The H. 
glycines motion parameters calculated from the x- and y-coordinates were speed (13 discrete 
body points) and total change in curvature (whole body). Average speed of each body point 
over the one-minute video was determined by averaging the instantaneous speeds, in 
µm/second, of the body points at each of the frames over the 60-second video (Njus et al. 
2015). The speed of the anterior body point, referred hereafter as the head point, was 
analyzed for each nematode and presented as representative speed for the whole body. 
Curvature was assessed by calculating the radius of a hypothetical circle tangent to two lines 
connecting three continuous tracking points on a nematode body (Likitlersuang et al. 2012), 
and values were expressed in 1/µm. Total change in curvature was calculated by summing 
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the instantaneous change in curvature at each of the frames over the length of the video. Nine 
to sixteen nematodes were analyzed per treatment over two experimental runs (Table 1).  
Effect of seed treatments on movement of H. glycines populations. Wells of 24-well 
tissue culture plates (Corning Inc., Corning, NY) were filled with 500 µl of 11.5 percent 
Pluronic F-127 gel (Sigma Life Science, St. Louis, MO). A single treated (ILeVO or 
VOTiVO) or untreated seed was inserted into each well. Wells without seeds, referred 
hereafter as the blank, served as a control. Seeds were incubated in the wells at 25°C for two 
hours before removal with clean forceps. Then, 54 ± 14 J2s (mean ± standard deviation) were 
pipetted into each well. The 24-well plate was incubated inside an EPSON Perfection V750-
M Pro scanner (Seiko Epson Corp., Japan) housed inside a temperature-controlled 
poly(methyl methacrylate) box (25°C). The plate was scanned (2,400 dpi) automatically 
every hour for twenty-four hours (Beeman et al. 2016a). After image collection, a custom 
program written in MATLAB assisted in manually selecting and recording the x- and y-
coordinates of the centroids of the J2s in each of the wells at every time point. The x- and y-
coordinates of all J2s were analyzed in another custom MATLAB program to calculate the 
percent of the H. glycines population that had moved 300 µm or more during the hour 
between each pair of image times (Beeman et al. 2016b). Percent movement data were 
collected for each time point in the experiment. There were four replications per run, and the 
experiment was repeated once.  
Statistical Analyses. The data from all experiments were analyzed in SAS Version 9.4 (SAS 
Institute, Cary, NC) using PROC GLIMMIX. The combined data from each experiment were 
subjected to an analysis of variance (ANOVA). Main (seed treatment and inoculation depth) 
and interactive effects were analyzed for significance in the root penetration experiment. 
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Initially, treatments in the microscope or scanner experiments were analyzed separately from 
their water or blank controls. Means separation for all experiments was conducted with 
Tukey’s honest significant difference (HSD) test (α = 0.05). Differences between exudates 
and leachates and their water or blank controls then were assessed using a one degree of 
freedom ANOVA contrast statement in SAS (α = 0.05). 
Results 
Root penetration experiment. When analyzed as a two-factor factorial experiment, 
significant main effects were detected for seed treatment and inoculation depth. There was no 
interaction between the main factors. Data then were analyzed by seed treatment as a single 
factor experiment. Across all inoculation depths, ILeVO significantly reduced root 
penetration relative to the untreated control (data not shown). However, when the data were 
analyzed for effects of seed treatment at different inoculation depths, there was a significant, 
87 percent reduction in the number of J2s that had penetrated roots at the 2.5-cm inoculation 
depth compared to the untreated control and no significant effects of ILeVO in the 5- or 7.5-
cm inoculation depths (Fig. 1). VOTiVO did not affect root penetration at any inoculation 
depth (Fig. 1). 
Effect of exudates and leachates on H. glycines motion. The experiments studying the 
effects of seed and radicle exudates were conducted at different times and the data were 
analyzed separately (Table 1). For seed exudates, ILeVO significantly reduced speed of the 
head point of H. glycines J2s by 48 percent relative to the untreated control. ILeVO and 
VOTiVO radicle exudates did not affect J2 speed compared to the untreated control. (Fig 
2A). And ILeVO or VOTiVO exudates (seed and radicle) did not significantly affect total 
change in curvature of the nematodes relative to the untreated control (Fig. 2B). The speed of 
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J2s exposed to ILeVO seed exudate was significantly less than J2s exposed to the water-only 
control (Fig. 2A).  
In the soil leachate experiment, there were no significant differences in speed (Fig. 
3A) or change in curvature (Fig. 3B) among the seed treatments and the untreated control. 
However, ILeVO soil leachates significantly reduced H. glycines speed relative to the blank 
control (Fig. 3A). 
Limited levels of speed and change in curvature were detected in the heat-killed 
control in both experiments, likely attributable to small vibrations and drift of the dead 
nematodes (Fig. 2-3). 
Effect of seed treatments on movement of H. glycines populations. In general, populations 
of H. glycines had similar levels of movement in the first few hours, and gradually diverged 
according to treatment at later time points (Figure 4). And movement of the populations, 
regardless of treatment, generally declined over time. The movement of the nematode 
populations in the ILeVO treatment were lower than the untreated control at most of the time 
points (Fig. 5A). The average percent movement over 0 to 6, 7 to 16, and 17 to 24 hours for 
each population then was calculated and analyzed. From 0 to 6 hours, there was no 
significant effect of seed treatment compared to the untreated control, and only ILeVO was 
significantly different than the blank control (Fig. 5B). At 7 to 16 hours, ILeVO reduced 
movement of H. glycines populations relative to the untreated control, and both ILeVO and 
VOTiVO reduced movement of H. glycines populations compared with the blank control 
(Fig. 5C). From 17 to 24 hours there was no effect of seed treatments, but ILeVO, VOTiVO, 
and the untreated seed significantly reduced nematode movement relative to the blank control 
(Fig. 5D).   
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Discussion 
ILeVO affected most of the H. glycines parameters studied in our experiments. The 
effects of ILeVO on H. glycines were evident when the J2s were in close proximity to 
ILeVO-treated seeds or ILeVO seed exudates but not when the nematodes were exposed to 
ILeVO radicle exudates or soil leachates. Conversely, VOTiVO had no effect on H. glycines 
in any of the experiments.  
ILeVO conferred protection to soybean roots when H. glycines J2s were inoculated at 
a 2.5 cm soil depth, the depth treatment nearest the planted seeds. However, root protection 
from ILeVO was not observed at 5 and 7.5 cm nematode inoculation depths. This suggests 
that ILeVO may protect soybean roots against H. glycines infection, but only in a limited 
area near the seed. Similar results were reported for roots of cotton plants grown from 
abamectin-treated seeds, where initial Meloidogyne incognita galls occurred at a deeper soil 
depth compared to roots grown from untreated seeds (Faske and Starr 2007). We also found 
seed exudates from ILeVO-treated seeds significantly reduced J2 speed, but not total change 
in curvature. And ILeVO and VOTiVO radicle exudates and soil leachates had no consistent 
effect on H. glycines motion relative to the untreated controls. The lack of effects of seed 
treatment from radicle exudates and soil leachates indicate that both B. firmus I-1582 (AI of 
VOTiVO) and fluopyram (AI of ILeVO) may not travel in large quantities on roots or in the 
soil. However, it is possible that both seed treatments could have greater mobility in soils 
with different properties (pH, organic matter, etc.). We did not test leachates from different 
soil types to assess this hypothesis.   
The scanner assay measured the percentage of H. glycines J2s in a population that 
traveled a critical threshold distance (≥ 300 µm) in wells that had seeds for two hours prior to 
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the addition of the nematodes. Regardless of treatment, movement of the J2 populations 
decreased over time, possibly due to lack of external stimuli or the gradual depletion of 
oxygen in the wells. ILeVO-treated seeds significantly reduced the movement of H. glycines 
populations from 7 to 16 hours in the experiment. This result indicates that the amount of 
fluopyram that moved from the treated seed into the Pluronic gel after 2 hours was enough to 
reduce H. glycines movement. Thus, it is possible that an ILeVO-treated seed would leach 
fluopyram into the soil surrounding the seed zone and inhibit movement of nearby J2s, 
potentially resulting in reduced plant damage. 
VOTiVO did not affect H. glycines in any of our experiments. Schrimsher (2013) 
reported that H. glycines J2s were immobilized when incubated with B. firmus concentrations 
ranging from 1×106 to 1×107 cfu/ml; however, in another study, B. firmus did not immobilize 
J2s or reduce nematode root penetration (Beeman and Tylka 2015). There are a few possible 
explanations for the lack of activity of VOTiVO on H. glycines in our study. The seeds were 
treated at a commercial rate of 5×106 spores/seed, and it is conceivable that the number of 
spores coming off the seed and into the soil would be less than the effective concentrations 
reported by Schimsher (2013). Additionally, the spores of the bacteria likely need to 
germinate and reproduce to be effective, and the duration of our experiments may have been 
too short for B. firmus to reach densities necessary for H. glycines control. VOTiVO is 
reported to induce plant defenses (Schrimsher 2013), potentially leading to increased plant 
biomass relative to an untreated control. We did not measure any plant growth parameters in 
our experiments. Lastly, the B. firmus I-1582 we tested may not have been viability. 
Repeated the same studies with seeds treated with different batches of B. firmus I-1582 
would be necessary to explore this possibility. Additional research with altered experimental 
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conditions and measured plant growth variables are necessary to understand the nematode-
protectant capabilities of VOTiVO.  
Interestingly, the presence of seeds, regardless of seed treatment, reduced H. glycines 
movement in the scanner experiment. Also, we observed fewer numbers of J2s penetrating 
roots, regardless of treatment, at inoculation depths closer to the seeds compared to deeper 
soil depths. It is possible that these observations result from compounds emanating from 
seeds that induce H. glycines quiescence. Plant-induced quiescence has been documented for 
plant-parasitic nematodes in response to seed exudates (Riga et al. 2005) and root exudates 
(Hiltpold et al. 2014; Zhao et al. 2000). The role of plant-induced nematode quiescence is not 
well understood, but quiescence has been reported to reduce plant-parasitic nematode 
sensitivity to nematicides (Schroeder and MacGuidwin 2010), suggesting potential 
management implications.  
There are a few challenges in measuring behavioral differences in plant-parasitic 
nematodes compared to other soil-dwelling nematodes. In general, plant-parasitic nematodes 
are less active than other soil-dwelling nematodes like Caenorhabditis elegans. For example, 
in our experiments, H. glycines J2s in control treatments had average head point speeds of 
approximately 2 to 6 µm/second, whereas centroid points on the body of C. elegans have 
been reported to move at speeds of 100 µm/second or more, using very similar software and 
image capturing techniques (Njus et al. 2015; Saldanha et al. 2013). It therefore may be more 
difficult to discern treatment effects in plant-parasitic nematodes such as H. glycines 
compared to C. elegans. Secondly, ILeVO reduced speed and movement of J2s in some 
experiments, but it is unclear whether reduced speed would result in reduced nematode 
fitness. And it is important to note that any effects observed in vitro may not result in 
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effective control in the field (Spence et al. 2008). Additional work examining the fitness of 
nematodes treated with sub-lethal amounts of ILeVO are necessary to evaluate whether 
behavioral effects of the compound on H. glycines result in meaningful control in the context 
of the field. 
 Our results suggest that ILeVO has activity against H. glycines, but its effects on the 
nematode may dissipate as the roots grow away from the treated seed. However, significant 
plant biomass increases have been reported by delaying nematode inoculation by several 
days (Huang and Ploeg 2001). Brief periods of soybean root protection conferred by ILeVO 
(and possibly VOTiVO) therefore could result in higher soybean biomass accumulation and 
yields. Field studies on seed treatment interactions with environment and nematode densities, 
as well as economic cost-benefits analyses of the different seed treatment options could 
advance the utility of this management strategy.  
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Table 1. Total number of Heterodera glycines juveniles (J2s) analyzed for exudate (seed and 
radicle) and soil leachate experiments over two experimental runs.  
 Total number of J2s analyzed  
Treatment Seed exudates Radicle exudates Soil leachates 
ILeVO 16 10 11 
VOTiVO 9 10 14 
Untreated 14 12 12 
Controls Seed and radicle exudate experiments Soil leachates 
Heat killed 11 13 
Water 9 10 
Blank n/a 12 
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Figure 1. Number of Heterodera glycines second-stage juveniles (J2s) recovered from roots 
of soybeans grown from treated seeds and inoculated with approximately 300 J2s at different 
soil depths in a growth chamber experiment. Different letters above bars in the same 
inoculation depth group indicate significant differences according to Tukey’s honest-
significant-difference test (α = 0.05).  
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Figure 2. Mean (± standard error of the mean) speed (A) and total change in curvature (B) of 
Heterodera glycines second-stage juveniles (J2s) exposed to seed and radicle exudates for 
two hours. HK = heat-killed J2s. Different letters above bars of the same color indicate 
significant differences according to Tukey’s honest-significant-difference test (α = 0.05). 
Asterisks indicate significant differences between water control and treatment using a single 
degree of freedom analysis of variance contrast (α = 0.05). 
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Figure 3. Mean (± standard error of the mean) speed (A) and total change in curvature (B) of 
Heterodera glycines second-stage juveniles (J2s) exposed to soil leachates for two hours. HK 
= heat-killed J2s. Different letters above bars of the same color indicate significant 
differences according to Tukey’s honest-significant-difference test (α = 0.05). Asterisks 
indicate significant differences between water control and treatment using a single degree of 
freedom analysis of variance contrast (α = 0.05). 
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Figure 4. Movement of Heterodera glycines second-stage juvenile (J2) populations over 
time in 3-cm wells that previously contained treated or untreated seeds. Seeds were incubated 
in wells for two hours and then removed before adding J2s. Each circle represents a single J2 
that was assessed by the program as moving  (blue) or non-moving (red). J2s were 
considered moving if their centroid location was 300 µm or more from their centroid location 
in the previous time one-hour time point. 
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Figure 5. Movement of Heterodera glycines second-stage juveniles (J2s) in 3-cm wells that 
previously contained treated or untreated seeds. (A) Average percent movement (mean ± 
standard error of the mean) at each one hour time point and movement of J2s averaged over 0 
to 6 hours (B), 7 to 16 horus (C), and 17 to 24 hours (D). Bars in B-D show mean percent 
movement ± standard error of the mean. Letters above bars in B-D indicate significant 
differences according to Tukey’s honest-significant-difference test (α = 0.05). Asterisks 
indicate significant differences between the water control and treatments using a single 
degree of freedom analysis of variance contrast (α = 0.05). 
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CHAPTER 5. CONCLUSIONS 
 
General Conclusions: The microfluidic chips developed in chapter two successfully 
assessed the chemotactic effects of chemicals and roots on plant-parasitic nematodes. The 
application of the scanner for automatic image captured increased the amount of data 
collected. These methods could be adapted for screening or characterization of compounds or 
plant exudates that may have nematicidal properties. The use of a scanner to track the 
movement of nematodes was adapted to study the effects of seed treatments on Heterodera 
glycines (chapter four). 
 ILeVO, but not VOTiVO, had significant effects on H. glycines in most of the 
experiments, resulting in reduced root penetration and reproduction of the nematode in 
growth chamber and greenhouse experiments. However, the results of the root penetration 
experiment in chapter four suggest that the protective effects of ILeVO are greatest closer to 
the seed, and the compounds efficacy diminishes at deeper soil depths. Bacillus firmus I-
1582, the AI of VOTiVO, did not consistently affect any measured variable in any of the 
experiments.  
Future Research Directions: The effects of ILeVO and VOTiVO on several aspects of the 
H. glycines lifecycle are still unknown. Assessment of the active ingredients on chemotaxis 
of J2s using the microfluidic chips in chapter two could help understand if the nematode is 
repelled by either fluopyram or metabolites from Bacillus firmus I-1582. ILeVO had no 
effect on root penetration when H. glycines J2s were inoculated at deeper soil depths. 
However, it may be interesting to determine if the nematodes penetrated roots grown from 
ILeVO seeds have reduced fitness (i.e. number of eggs per female) relative to untreated 
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control. In the greenhouse, ILeVO reduced the number of females per root, but the 
compound’s effects on males is unclear; it is possible that seed treatment with ILeVO could 
alter the male:female ratio. Also, the varying degrees of H. glycines control with ILeVO 
when using different initial nematode population infestation densities should be further 
examined to determine if there are significant interactions between nematode numbers and 
seed treatments. Lastly, correlating nematode behavioral changes in response to seed 
treatments and nematode fitness would help us understand the role of sub-lethal effects of 
nematicides on H. glycines control.  
 
